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ABSTRACT 
Laser excited fluorescence was used to 
investigate minority species in premixed H2 :N2 :o2 
flames with temperatures ranging from about 1500 K 
to 2400 K. The species CH and NH were produced 
in a series of flames but detection by laser 
ii 
fluorescence failed. Fluorescence studies of metal 
atoms enabled the rate of spin-orbit relaxation 
+ 
in collisions with atomic hydrogen and flame bulk-
constituents to be measured. For hydrogen as the 
collision partner , the rate constant showed a negative 
t t ff . . t ' T-l. 7 h f empera ure coe 1c1en , vary1ng as , w ereas or 
other flame bulk constituents the rate constant showed 
a positive coefficient, varying as T1 · 8 The process 
is described in terms of the Landau-Zener theory of 
non-adiabatic transitions between potential curves 
corresponding to excited states of the transient 
molecules formed during collisions. The magnitude 
of the rate constants and the signs of the temperature 
coefficients are predicted correctly by the application 
of the Landau-Zener theory. 
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CHAPTER I 
INTRODUCTION 
The work described in this thesis relates to the 
application of laser fluorescence techniques to the study 
of the kinetics of minority species in flames. In 
particular, the reactions of lead atoms in collisions with 
atomic hydrogen and other flame constituents have been 
studied. 
A flame is essentially a high temperature, owing, 
gas phase reaction system, in which the time scale can be 
converted to a scale of distance along the 'tail' of the 
flame. The high linear gas velocities, (typically about 
10 m.s-1} in the burnt gas stream, enable reasonably fast 
reactions to be studied, and by altering the composition 
of unburnt gas, (fuel, oxidant and diluent) a whole range 
of temperatures and reaction conditions can be obtained. 
The structure of flames and the methods used in their study 
1 
are well described in books by Gaydon and Wolfhard , and 
Mavrodineanu2 and will not be dealt with in detail here. 
Methods of studying ames can be divided into two 
main categories, namely perturbing, and nonperturbing~·, 
Perturbing methods, as the name suggests, have the 
principal disadvantage of introducing some unwanted change · 
in the characteristics of the flame. These include solid 
probe sampling, for example mass spectrometric techniques, 
conductivity measurements, and thermocouple temperature 
determination. However the extent to which the introduction 
2 
of solid probes changes the characteristics of the flame 
is generally small, and these methods have provided much 
valuable information on flame processes. 
Within the framework of nonperturbing techniquesr, 
a wide variety of methods has been explored to measure 
processes and state properties of the combustion systems. 
The most notable of are absorption and..emission. 
studies, but these can sometimes suffer from limitations 
in spatial resolution and from spectral interferences 
from other flame constituents. One of the newest 
techniques which does not suffer from these limitations 
is that of laser fluorescence, which has been made 
practical by the development of the tunable dye laser, and 
has the advantages of high sensitivity, good spatial 
resolution, and the facility to cover the entire visible 
spectrum, with suitable choice of dye, and with frequency 
doubling, this can be extended into the ultra-violet. 
One disadvantage of laser fluorescence applied to 
combustion systems at present, is that while schemes can 
be devised to monitor specific states of interest of a 
cies, specific fluorescence quenching cross-sections may 
not be available. Also, care must be taken that the high 
intensity available with pulsed lasers (especially long 
duration pulses) does not cause significant changes from 
equilibrium in the species under study, such as absorption 
saturation. The use of a very short laser pulse can also 
lead to problems, where the pulse may be too short to 
enab a steady state to be set up between two excited 
states, example, when exciting into a closely spaced 
3 
doublet. However, laser fluorescence has been applied 
successfully to measurements in flames, such as temperature 
d . . 3 . 4 . eterm1nat1on , Raman scatter1ng , and as an analyt1cal 
tool 5 . It has been used to study reactions in flames 6 , 
but has not yet found wide application. This work provides 
an example of the technique applied to the study of 
kinetics in combustion systems. 
SUMMARY OF THESIS 
Chapter two deals with a description of the 
experimental apparatus and the electronic and optical set 
up used to obtain fluorescence, emission and temperature 
measurements. 
Chapter three is a brief summary of the work on 
various species in flames in attempts to characterise them, 
or obtain kinetic data of their reactions with other flame 
components. This includes the initial findings on lead 
introduced to the flame. 
Chapter four describes the measurement of radical 
concentrations and establishes the dependence of spin-orbit 
3 0 3 0 
relaxation of excited P1 I P0 lead on hydrogen atom 
concentration. 
Chapter five is concerned with the calculation of 
the rate constants for this process, and the importance of 
laser pulse width, and intensity is also assessed. Results 
are presented for hydrogen atoms, and flame bulk 
constituents as the colliding partners. 
Chapter six gives a brief description of the Landau-
Zener theory of collisions and its modifications and 
4 
applicability. The theory is applied to non-adiabatic 
transitions of molecules corresponding to bound states of 
PbH. Suitable potential curves are found which predict 
the observed rates of inter-level transitions in lead. 
5 
CHAPTER II 
EXPERIMENTAL 
I • THE BURNER 
The burner used in this work was similar to that 
used by Phillips; McEwan8and Mulvihill9 • Figure 1 shows 
the construction of the burner, the core of which consisted 
of five hundred 20 gauge hypodermic tubes bonded together 
with epoxy resin. The central one hundred tubes A, were 
supplied with gas plus additives for the experimental 
study flame, while the two hundred tubes forming the 
annulus B, were supplied with gas of identical composition 
excluding additives, in an amount calculated to give 
identical vertical gas velocity. The remaining two 
hundred tubes C, were generally supplied with a small 
amount of nitrogen to prevent the entrainment of air in 
cool flames, and to prevent charring of the burner-face 
sealant by the diffusion flame in hot flames. Nitrogen 
flow in this outer sheath was not metered, but adjusted 
until the outer diffusion flame disappeared, as suggested 
by Kaskan10 • The burner face was machined flat, and each 
hypodermic tube counter sunk, so that the reaction zone 
would be as flat as possible, and laser scattering by 
irregularities on the burner face would be minimised. 
Cooling water was supplied to chamber D. The 
compartments E, D, F, were sealed with neoprene "O" rings G 
and the central flame inlet was held in place by R.T.V. 
silicone rubber sealant, to eliminate strain. The top face 
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of the burner was also sealed with silicone rubber. A 
ground-glass ball joint at the central inlet allowed free 
movement of the burner and also provided a safety valve in 
case of strike-back, which did not occur. 
The burner was mounted vertically on a threaded 
shaft which allowed adjustment over a height range of 10 ern. 
This allowed distances in the burnt gas region to be 
converted into a time scale by calculating the flow rate 
from the flow rate of unburnt gas, the cross sectional area 
of the central flame, the position of the flame front, 
determined from the intensity of CuH emission, and the 
final temperature of the burnt gas. A fume hood was 
positioned over the burner to prevent harmful products 
such as Pb, NH 3 , and Tl from escaping into the laboratory. 
The inside of the fume hood was painted matt-black to 
absorb stray and scattered light. 
II. FLAMES: THEIR COMPOSITION AND CONTROL 
The gas handling system is illustrated in fig. 2. 
For the central study flame, flow rates were monitored 
with Hastings mass flow meters, and a voltage output 
proportional to the flow rate was displayed on a digital 
voltmeter. Uncertainty in the flow rates is given as 1%. 
Shield flame gas flow rates were monitored with simple 
capillary-type flowrneters with interchangeable capillaries 
and di-n-butyl phthalate as the manometric fluid. These 
were calibrated with a bubble meter and a stopwatch. 
Agreement between the rnass-flowrneters and the capillary 
flowrneters was within 5%. During the course of the work, 
v 
&......-.---------\ >----t C M 
Fig. 2 Schematic representation of the gas 
handling system. 
V Needle valve 
MF Mass flowmeter 
A Atomiser 
M Mercury manometer 
CFM Capillary flowmeter 
T Trap 
C Cyclone flow mixing chamber 
9 
it was found necessary to wash the air supply mass-
flowmeter with solvent, as erroneous readings resulted 
after prolonged use with industrial compressed air. This 
presumably was due to the build up of a thin oil film on 
the temperature sensors of the flowmeter unit. 
The gases used were commercial hydrogen, nitrogen 
and compressed air of industrial grades without further 
purification. In calculating gas flow rates for a given 
flame, it was assumed that the air consisted of exactly 
20% oxygen and 80% nitrogen. Mixing of the gases prior to 
burning was accomplished in a small cyclone-flow mixing 
chamber with a volume of about 100 cm3 . 
7 8 9 As in previous work ' ' , the flames were classified 
according to the unburnt composition. A family of flames 
is a group with the same, usually integral, nitrogen to 
oxygen ratio. In the flames used in this work the hydrogen 
to oxygen ratio took the values 2.0, 2.5, 3.0, 3.5, 4.0, 
* 4.5. Flames having these ratios were denoted by the 
letters A, F, K, P, U, Z respectively. The nitrogen to 
oxygen ratio, or family number, is indicated as a suffix. 
* The mass flowmeters used in this work were supplied 
calibrated for delivery of air, and a correction factor of 
1.03 allows delivery of H2 to be monitored. For the flames 
used, this correction was not applied to the flow rates, 
but was used to calculate the composition of flames with 
flow rates read directly from the flowmeters. Thus flame 
Z6, in the present work would have had actual composition 
H2 :N2 :o2 ; (4.5 x 1.03) :6:1. In all calculations, the 
exact composition of air was used. 
10 
For example, flame Z6 has unburnt composition 
4.5:6:1 
and P8 has composition 
= 3.5:8:1 
III. ADDITIVES 
Metals were added to the unburnt gases as fine 
sprays of solutions of their salts. This was accomplished 
by diverting a portion of the air supply for the central 
flame through an atomiser, which is shown in Plate 1. 
Nitrates and chlorides of the metals were used, as these 
are known to be completely and rapidly fragmented in the 
reaction zone, unlike the more stable phosphates and 
sulphates11 . All metallic salts used were of ANALAR grade. 
The delivery of the atomiser was calculated by a 
comparison of a curve of growth of sodium D line thermal 
emission in the flame with the appropriate Van-der-Held 
curve, as described by James and Sugden12 . The onset of 
self reversal, given by the change in slope from 1.0 to 
0.5, allowed the density of sodium atoms to be calculated. 
The concentration of sodium atoms in flame K4, with an 
atomiser air supply of 40 cm3 s-l and a 1 M NaCl solution 
I 
was calculated to be 5.3 x 10-5 atm. In all experimental 
flames, the concentration was no higher than 10-6 atm and 
typically 10-7 atm. The sodium emission curve of growth 
at 589.0 nm is shown in fig. 3. 
IV TEMPERATURE MEASUREMENTS 
Temperature measurements in the burnt gas region 
3.0 
2.0 
0) 
0 
..J 
1.0 
Fig. 3 
0 
Log [Na] 
Sodium emission curve of growth 
at 589.0 nm where [Na] is the 
concentration of sodium in the 
atomiser solution (moles.l-1). 
11 
12 
were obtained by the sodium D line reversal method. The 
usual procedure was adopted in making the reversal 
1 
measurements • A calibrated optical pyrometer was used to 
determine the colour temperature in the red of the image of 
a tungsten-strip filament lamp in the flame. These 
temperatures were corrected to the yellow from the 
13 
emissivity data of de Voss . The strip filament lamp was 
run from a stabilised A.C. mains supply of 240 V through a 
variac and a transformer and operated over a current.range 
of 6A to 15A. 
Line reversals were obtained photometrically using 
the optical scheme shown in fig. 4. The image of the 
filament in the flame was focussed onto the slits of a 
SPEX MINIMATE monochromator and the D.C. output of the 
photomultiplier (EMI 6255) was monitored with a high-speed 
KEITHLEY picoammeter. This detection system, without the 
lamp, was employed in all emission studies in this work. 
Sodium reversal temperatures are a measure of the 
extent of electronic excitation of sodium atoms 1 , so that 
for cool flames, there is a sharp upward curve near the 
reaction zone due to chemi-excitation of sodium atoms 14 , 
and it is only downstream from the reaction zone, where 
[H] and [OH] are small, that the reversal temperatures may 
be taken as a measure of the true thermal temperature of 
the burnt gases. 
All the flames used in this work had final tempera-
tures greater than 1500 K. Under these conditions the 
sodium emission at distances greater than 10 mm may be 
considered to arise solely from thermal excitation with 
negligible contribution from chemi-excitation effects. 
P1 
bZ]PA 
KEY: 
Pl 0 to 6V power supply 
P2 0 to 2kV power supply 
A Ammeter 
L Lens 
PY Optical Pyrometer 
T Tungsten strip filament lamp 
B Burner 
M Monochromator 
PA Picoammeter 
Fig. 4 
Py 
l 
l 
B 
l 
P2 
Temperature and emission measurement set up. 
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M 
14 
Temperature measurements were made by sodium reversal, at 
two to four points in each flame, and sodium D line 
emission at 589.0 nm was used to scale these temperatures 
for other points in the flame. 
V. PHOTOMETER SENSITIVITY 
In all fluorescence and emission studies in this 
work, the photometer consisted of a SPEX MINIMATE mono-
chromator with an EMI 6255 photomultiplier having a 
standard 'tapered' dynode chain15 . 
The response of the photometer to incident light 
was determined by viewing the spectral intensity distribu-
tion of a tungsten-strip filament lamp at a known 
temperature. The distribution of light from a tungsten 
lamp is given by Planck's law16 . 
I(A,T)dA 
2 
E(A,T) B~hc (exp(A~~) - 1) dA 
A 4n 
where I(A,T)dA is in Watts. -1 -2 ster. m , and is the 
intensity. E(A,T) is the emissivity of tungsten at a 
temperature T K and wavelength A m, h is Planck's constant, 
-1 d is the velocity of light m.s , and k is the Boltzmann 
constant. Thus the number of photons emitted is given by 
N (A, T) 
N(.A,T) 
where N(.A,T) 
= I ()., T) = 
he/A 
8nc E (A, T) 
4nA 
he -l 
(exp(AkT) - 1) 
-1 -1 -2 is in photons.s .ster .m 
Since all measurements were made with the same 
optical arrangements, the fraction of these photons 
incident on the photomultiplier is constant for all wave-
15 
lengths, assuming the monochromator to have constant 
dispersion. Hence N(A,T) represents the relative number of 
photons collected at a given wavelength. The relative 
sensitivity of the photometer is then given by SREL' where 
I(pm) 
N(A,T) 
-1 
amperes. s photon . 
and I(pm) is the measured anode current of the photo-
multiplier. The sensitivity curve as a function of wave-
length A is shown in fig. 5. This curve was used to 
determine the relative response of the photometer to 
fluorescence and emission at different wavelengths during 
this work. 
VI. FLUORESCENCE MEASUREMENTS 
A diagram of the experimental set-up is given in 
fig. 6 and is also shown in plate 1. The output of a 
pulsed nitrogen laser (AVCO model C5000 operated at 80 -
100 Hz) was focussed into an AVCO (model 4000) dye laser 
which incorporated interchangeable flowing dye cassettes 
enabling the dye to be circulated so that laser pumping at 
frequencies of 100 Hz or more could be used without local 
heating problems. The manual drive for the intra-cavity 
grating of the dye laser was modified, being equipped with 
a reduction gearing system to allow very fine control of 
the grating angle. 
The tuned output of the dye laser, which had a band 
width typically of 0.05 nm to 0.1 nm was focussed in the 
centre of the burner by lens L1 . A concave mirror M1 was 
chosen so that the reflected beam was returned at the same 
6.0 
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-Q) 
c:r:: 
00 
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0 
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4.0 
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300 
Fig·; 5 
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I 
Hoye Laser 
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Pulse I I I I chromator 15V 0-2 
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Fig. 6 
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Chart 
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Schematic representation of the laser fluorescence 
experimental apparatus. 
I 
PMj 
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-
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PLATE 1: Experimental apparatus layout 
A Atomiser 
Burner 
Laser focussing lens 
L2 Fluorescence collection lens 
M Concave mirror 
D Dye laser 
MC Monochromator 
18 
height in the flame, but displaced 
laterally by approximately 1 mm to 2 mm. Fluorescence 
intensity fluctuations due to minor flame instability were 
minimal, due to the flatness of the machined burner face, 
and hence of the flame front. 
Fluorescence from the flame was focussed by lens L2 
onto the entrance slit of a SPEX MINIMATE monochromator 
(operated with a resolution of 1 nm) and monitored with an 
EMI 6255 photomultiplier. The lens system and burner were 
mounted on an optical bench which was rigidly bolted to a 
steel framework. 
VII. ELECTRONIC MEASUREMENTS 
The output of the photomultiplier was fed into a 
low-noise FET amplifier, the design of which is due to 
Mr R.L. Hooper and is given in appendix I, having a 
voltage gain of 3 and a 50 Q output impedance. By varying 
the input resistor of this amplifier it was possible to 
obtain a preintegrated pulse of 3 ~s from the fluorescence 
signal which had a lifetime of the order of nanoseconds. 
With the RC time constant of the amplifier input equal to 
3 ~s, all pulses shorter than about 0.3 ~s were integrated, 
and the amplifier produced an output signal with peak 
amplitude proportional to the integrated fluorescence 
intensity, which can also be expressed as the number of 
photons collected during the pulse. 
Preintegration of the signal in this manner allowed 
a longer gate width to be used, resulting in a smaller 
19 
* duty factor for the gated integrator, and hence better 
integration. The effects of laser trigger jitter and 
R F . t f . . . d 'th . t t' 17 . . 1n er erence are m1n1m1se w1 pre1n egra 1on . 
The preintegrated signal was fed into a gated 
integrator which was constructed in the laboratory by 
Professor L.F. Phillips. This was gated open by a synch-
ronising pulse which was brought from the laser, via a 
variable delay unit, also constructed in the laboratory. 
Synchronising pulses generated by the laser occur some 
0.3 ~s before the laser flash, and by suitable choice of 
delay time, coincidence of the laser fluorescence signal 
and the gate opening was obtained. The integrator gate 
width was normally set at 5 ~s. The output was displayed 
on a digital voltmeter and also presented on a YOKOGAWA 
chart recorder. 
In order to establish that the system responded 
linearly to fluorescence intensity, the fluorescence 6f 
lead was measured as a function of lead atom concentration, 
introduced to the flame as a fine spray of a solution of 
lead nitrate. Laser excitation at 405.8 nrn was used to 
excite metastable Pb(6p 3P1 ) to Pb(7s 
3P1°) and the 
fluorescence at 364.0 nrn due to the transition 7s 3P1° + 
6p 3p 0 was measured for varying concentrations of lead in 
the atomiser solution. A plot of fluorescence intensity 
versus [Pb] in the atomiser solution is presented in fig. 7. 
* 
1 
Duty factor == f == Repetition rate 
t = gate width 
Effective Time Constant = RCeff ::: 
RC (gate) 
f.t. 
1.0 
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0 
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Fig. 7 
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5.0 [Pb] x1o·2 10.0 
Response of the fluorescence detection system to the fluorescence 
of lead at 364.0nm (a) I.og r564 vs Log[Pb], slope = 1.0 
(b) linear plot of measured intensity r 364 vs _[Pb]: [Pb] is the 
concentration of lead in the atomiser and is thus proportional 
to the number of lead atoms in the flame. c'Pb] is in moles 1-l. N 0 
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The point at [Pb] = 0.1 M corresponds to integrator over-
load, however all fluorescence measurements were made on 
the linear portion of the graph, and in the case of lead 
fluorescence, [Pb] was set at 10-2 M. 
22 
CHAPTER III 
LASER STUDIES OF MINORITY SPECIES IN FLAMES 
I. INTRODUCTION 
This chapter describes the preliminary work which 
was done in a search for suitable minority species, or 
trace additives in flames, e.g. metal atoms or free 
radicals, for which laser fluorescence studies would 
provide information on the kinetics of various important 
processes in flames. 
The laser fluorescence system as described in 
Chapter II, section VI, was used and has the principle 
advantages associated with laser techniques, that is, a 
high intensity light source, high monochromaticity (approx 
0.1 nm), and good spatial resolution, as laser light can be 
focussed down to a very small spot. The use of a tunable 
dye laser enables studies to be carried out anywhere in the 
visible spectrum with suitable choice of dye, and 
frequency doubling can be used to extend the range into the 
ultraviolet. 
In the course of the work, laser fluorescence has 
been used in attempts to characterise species such as NH, 
CH, so 2 , Tl, Cu, Na, and Pb. The following sections, II to 
IV, describe briefly the work on each species, leading up 
to the fluorescence studies on lead in which it was found 
that the intensities of the two emission lines at 368.3 nm 
and 364.0 nm could be used to obtain kinetic information on 
the spin-orbit relaxation process 
23 
Pb(7s 3p 0) 1 + M + Pb (7s 3p 0) 0 + M 3.1 
where M is a flame species such as flame radicals H, OH, or 
a bulk constituent such as H2' H2o, N2. 
II. METHYLIDYNE: CH 
The role of the free radical CH in the production 
of soot in hydrocarbon combustion has been extensively 
studied and is reviewed by Lester and Wittig18 Much work 
has been done with emission and absorption techniques but 
these are often complicated due to the fact that CH 
profiles do not always match those of CH* emission19 due to 
reactions such as 
+ CO + CH* 3.2 
+ CO + CH 3.3 
20 + Hayhurst has indicated that species such as c3H3 
are primary ions in the production of soot, as well as the 
11 k CHO+, and · f h we nown ar1se rom processes sue as 
+ 3.4 
but is is suggested that CH* may not necessarily need to be 
excited. The idea that c3H3+ is a primary ion is also 
suggested by Bowser 21 in shock tube studies using pure 
acetylene; however, CH is not observed. The vast number of 
reactions and products in a hydrocarbon flame contribute to 
the difficulty of any study made on them, however 
22 Bascombe has made mass spectrometric studies of ions in 
H2/N 2;o2 flames seeded with a small amount of acetylene 
(about 1%). Attempts at monitoring CH via fluorescence 
have been made by Bulewicz et a1 23 , but were unsuccessful 
24 
because of high flame-emission noise. Barnes et a1 24 , were 
successful in measuring CH laser fluorescence at 431.5 nm 
((0,0) band of A2 ~ + x2n) in an oxyacetylene flame. 
The uorescence experiment of Barnes et a1 24 was 
reproduced in the present work in an unmetered oxyacetylene 
flame supported on a commercial welding torch. The 
fluorescence spectrum obtained is shown in fig. 8. It is 
interesting to note that the fluorescence spectrum 
disappeared when the supply of oxygen was reduced, and the 
flame made more fuel-rich, in agreement with Porter's 
h . 19 mec an1sm the production of CH, which is given in 3.5 
c2H + 0 
+ CO + CH 3.5 
As noted by Barnes et a1 24 , the ground state CH 
was found to be localised in the thin reaction zone at the 
boundary of the inner core of the flame, which suggests the 
presence of very fast reactions which remove CH. 
The well-defined structure and kinetics of H2/N 2/o2 
flames (Fristrom and Westenberg76 ) enables them to be used 
as an excellent high temperature reaction medium for the 
study of minority spec s introduced to them. CH has been 
studied in emission and absorption in H2/N2;o2 flames by 
25 . 23 Peeters et al , and Bulew1cz et al . In the present work 
it was hoped that the fluorescence of CH in oxy-acetylene 
flames could be extended to a study in premixed laminar 
H2/N2;o2 flames. 
Hydrocarbons were introduced to a wide range of 
premixed H2/N2;o2 flames, as gases such as acetylene, 
methane and ethane. The flames used, varied from cool 
fuel-rich flames (T ~ 1500 K} to hot oxygen-rich flames 
Fig. 8 
p 
.434 
Q 
.430 
Wavelength nm 
426 
Fluorescence ~pe5trum of the (0,0) 
band of CH (A ~+ XIT) excited in the 
reaction zone of an oxy-acetylene 
flame at 431.5 nm. 
Laser line width was 0.1 nm. 
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(T ~ 2500 K) and were supported on the burner described in 
chapter II, section I. 
The experimental arrangement is as described in 
Chapter II, section VI, except that for some runs a special 
mirror system was devised so that the laser pulse could be 
made to traverse the flame up to six times. The laser 
pulse was obtained from the dye laser as shown in fig. 6, 
with a 5 x 10-4 molar solution of dimethyl POPOP in 
n-BuOH 26 , operated at 100Hz. Resonance fluorescence of 
H t 4 31 5 d t th 2 " 2n t · · t C a • nm, ue o e A u + X rans1t1on, was no 
observed in any of the H2/N2;o2 flames, even at very high 
concentrations of additive (up to 10%) and at this stage it 
was decided to discontinue the study of CH fluorescence. 
III. IMIDOGEN: NH 
The importance of the free radical imidogen, NH, 
has been discussed by Nadler 27 in relation to reactions 
with free atomic oxygen and nitrogen in NH 3;o2/N2 flames. 
Further stud 28 s revealed that the reactions 3.6 and 3.7 
needed to be included in reaction schemes in order to 
account for observed concentration profiles. 
NH + NO N2 + OH 3.6 
3.7 
Unfortunately their values for k 3 _6 and k 3 _7 differed from 
flash radiolysis determinations 29 , by factors of about 10 3 • 
30 The rate constant k 3 • 6 has more recently been measured , 
using fluorescence studies with microwave discharges, and 
27 
other studies 31 , 32 using NH fluorescence have been made 
on the kinetics of NH and o2 • Laser fluorescence of NH 2 
33 34 has been reported ' , and recently, laser excited 
35 fluorescence of NH has been observed by Anderson using 
dye laser excitation 1and in a private communication to 
Anderson, laser fluorescence in flames has also been 
reported. However, the work in this thesis on NH was 
discontinued before this observation. 
NH was produced in a series of H2/N2;o2 flames by 
the addition of a small amount (about 1%) of NH 3 to the 
unburnt gases. Excitation at 337.1 nm, corresponding 
approximately to the 3E + 3rr transition, was provided from 
the output of a N2 laser focussed into the flame. 
Fluorescence was not observed, even for a wide range of 
experimental conditions. This was probably due to the low 
concentration of NH in the flames studied. 
IV. OTHER STUDIES, INCLUDING Tl, Na, Cu, Cs, Sn, Pb 
Other fluorescence studies initiated in the present 
work involved laser fluorescence of thallium, sodium, 
copper, caesium, tin and lead. In the case of these metal 
atoms, the work was intended to yield height profiles of 
the absorbing species {Tl 2P3; 2 ) or information .about non-
adiabatic collisions (Cu, Na, Pb, Cs, Sn). 
Thallium was excited at 535.0 nm corresponding to 
the 6 2P312+7 
2 s~ transition, in an excited-state laser 
fluorescence experiment. Metastable thallium atoms were 
36 previously observed using laser fluorescence by Fraser • 
The fluorescence intensity at 535.0 nm was observed as a 
28 
function of distance from the flame reaction zone, and was 
found to have the form expected for thermal excitation 
3 to the metastable 6 P3 state. Some flame profiles are 12 
presented in fig. 9. The observed profiles are consistent 
37 with the observations of Padley and Sugden . 
Initial experiments involving the fluorescence of 
lead showed that the collision induced spin-orbit 
relaxation process 3.1, was important for hydrogen atoms 
as the colliding partner, and so the fluorescence of other 
species with closely lying upper energy levels (6E about 
300 -1) . . d em was 1nvest1gate . 
The resonance fluorescence of sodium (at 589.0 nm 
and 589.6 nm) and the fluorescence of copper (excitation 
at 510.5 nm and fluorescence intensity ratios at 570 I 
578.2 and 324.7/327.3 nm) showed no changes with changing 
hydrogen atom concentration. Caesium was also added to a 
few flames and excited at both 455.5 nm and 459.3 nm in 
separate experiments. Fluorescence at the two wavelengths 
was monitored for both excitations, but laser scattering 
at these wavelengths was exceptionally strong and any 
fluorescence was masked by instrument overload. 
Experiments with tin as an additive were also unsuccessful, 
due to the formation of the stable tin oxide SnO (D = 
0 
521.0 -1 kJ . mol ) . At this stage it was decided to direct 
the course of work toward the more promising study of lead 
fluorescence. 
3.1 
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Fig. 9 Flame profiles of Thallium fluorescence Intensity I 
at 535.0 nm plotted as a function of dis·tance 
from the reaction zone. 
(a) flame Z5; T = 1807 K 
(b) flame Z4; T = 1945 K 
(c) flame Z6; T = 1696 K 
(d) flame P4; T = 2120 K 
(e) flame F6; T = 1927 K 
(f) flame Z8; T = 1500 K 
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V. FLUORESCENCE OF LEAD 
INTRODUCTION 
Laser excited fluorescence of lead has been used for 
quantitative analysis by Kuhl and Spitschan39 with 
excitation at 283.3 nm and fluorescence at 405.8 nm, and 
saturation studies of the metastable state 6p2 3P have 
40 been made using laser fluorescence by Bolshov et al • 
Measurements of the quenching rates of excited lead atoms 
have been made by Jenkins 41 (7s 3p 0 state in flames), 1 
Mandl and Chen 42 (7s 3p 0 state in a heated cell at 900 1 
and Husain and Littler 45 (lS and lD states from photo-0 2 
K) , 
lysis of tetraethyl lead) . It has been shown, by Friswell 
d k . 46 th t d f 1 . h d't' . fl an Jen 1ns , a un er ue -r1c con 1 1ons 1n ames, 
Pb exists almost entirely as free atoms, however under 
fuel-lean conditions significant amounts of PbO are 
formed. 
The relevant energy levels of Pb are represented 
in fig. 10 and are taken from Moore 47 • Fig. 10 
also indicates the allowed transitions and lists the 
Einstein A coefficients. 
In the determination of quenching rate constants for 
Pb(7s 3P1°), using atomic fluorescence, Jenkins
41 
noted 
that the relative intensities of the lines at 368.3 nm, 
364.0 nm and 405.8 nm had a non equilibrium ratio 
compared with values expected on the basis of complete 
3 0 3 0 
equilibration between the 7s( P1 ) and 7s( P0 ) states. As 
expected, the I 405 _8nm : I 364 _0nm ratio was correct, as 
3 0 these emissions originate from the same state, ( P1 ) • 
However, the I 368 _3 : I 364 _0 ratio was well below that 
,..... 
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w 
35.287 
34.960 
29.467 
21,457 
10.650 
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As A6 
A2 A3 A4 A1 
Fig. 10 Partial energy level diagram for lead. 
The values of the Einstein A coefficients 
used in this work are listed and referenced 
below. 
A1 (104.8nm) 
7 -1 de Zaffra and Marshall 43 = 9.65xl0 s . 
A2 (283.3nm) 
7 -1 de Zaffra and Marshall = 5. 28xl0 s • 
A3 ( 364. Onm) 
7 -1 de Zaffra and Marshall = 2.99xl0 s . 
A4 (368.3nm) 
8 -1 Penkin and Slavenas 44 = 1.72xl0 s . 
Energy levels not to scale. 
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corresponding to complete equilibrium, with r = 0.062 and 
r = 0.462 for the ratios of concentrations of the two 
e 
3 0 3 o N ( 3p 0 ) 
states P1 and P0 , where r = 0 . Jenkins accounted N(3Plo) 
for this discrepancy by assuming that the Pb(7s 3P1°) + 
Pb(7s 3P0°) inter-level transfer was considerably slower 
than other de-excitation processes. It was also shown, 
that the state Pb(6p 2 3P1 ) is populated by chemi-excitation, 
via reactions such as 
H + OH + Pb + H20 + Pb* 3.8 
H + H + Pb + H2 + Pb* 3.9 
In the present work, laser fluorescence has been 
used to study the processes involved in the inter-level 
transfer of 3.10. 
3.10 
Rate constants have been obtai~ed for the reaction 3.1 
where M is a hydrogen atom, and where M is a bulk constit-
Pb(7s 3 ~ 0 ) + M + 1 
FLUORESCENCE STUDIES 
Pb(7s 3P 0 ) + M* 0 
Lead was introduced to a series of premixed, 
3.1 
laminar-flow, hydrogen-rich H2/N2;o2 flames, ranging from 
Z8 (1500 K) to A4 (2385 K), as a fine spray of lead 
nitrate. Chemi-excitation and thermal excitation to the 
2 3 2 
metastable Pb(6p P2 ) state, and to Pb(6p 
3 0 
allowed laser excitation to the 7s P1 and 
3P1 ) state 
7s 3P0° states 
respectively in separate experiments. Fluorescence at 
368.3, 364.0 and 405.8 nm was monitored using the 
33 
experimental scheme represented in fig. 6. 
The study involved two fluorescence schemes. In the 
' 
first set of experiments laser excitation at 405.8 nm 
(using the dye a-NND) was used to populate the state 
7s 3P1°, and fluorescence was monitored at 368.3 nm 
(7s 3P0° + 6p 
3P1 ) and at 364.0 nm (7s 
3P1° + 6p 
3P1 ). In 
the second set, excitation at 368.3 nm (using the dye PBD) 
was used to populate the state 7s 3P0°, and fluorescence 
was monitored at 368.3 nm (7s 3P0° + 6p 
3P1 } and at 
405.8 nm (7s 3P1° + 6p 
3P2). A representative diagram is 
presented in fig. 11 and illustrates both experimental 
schemes. 
In the first case, represented in fig. ll(a}, 
fluorescence intensities were obtained by tuning the 
spectrometer to 364.0 nm and measuring the background with 
no lead added to the flame; lead was then introduced to 
the flame and the signal averaged over about 30 seconds. 
The spectrometer was then tuned to the line at 368.3 nm 
and the signal averaged over a similar period of time. 
There was no signal recorded due to emission at either 
368.3 nm or 364.0 nm. These measurements were repeated at 
millimeter randomised intervals of distance from the 
reaction zone in the flame, and repeated several times for 
each flame. About 50 to 60 measurements were taken in each 
flame from 0 - 28 mm, weighted significantly in the region 
close to the reaction zone, i.e. 0 - 10 mm, in order to 
define the region of greatest change in fluorescence ratio 
more accurately. The signal to noise ratio varied from 
flame to flame, the cool flames having considerably better 
S/N ratio than hot ones in which thermal emission was more 
(a) -Ak~A:n 
l , 
kQ 
405.8 368.3 364.0 
--
' 
(b) ~~km 
--A 
.T 
kQ 
3 68.3 368.3 405.8 364.0 
-- -
Fig. 11 Schematic representation of fluorescence 
experiments: (a) excitation at 405.8 nm 
and fluorescence observed at 368.3 and 
364.0 nm: (b) excitation at 368.3 nm 
and fluorescence observed at 368.3 and 
405.8 nm. 
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pronounced. In all cases, S/N ratio was better than 7:1 
and 3:1 for 364.0 and 368.3 rum respectively. A typical 
fluorescence spectrum 
background scan. 
presented in fig. 12 along with a 
In the second set of experiments, fluorescence 
intensities were superimposed on the scattered laser signal 
at 368.3 rum. It was established that there was no back-
ground contribution at 364.0, 368.3 and 405.8 nm from flame 
emission, with Pb introduced to the flame (see fig. 13). 
The signal due to the scattering at 368.3 nm (with no Pb 
added to the flame) was first measured and averaged for 
about 30 sec. Lead was then sprayed into the flame and 
the resulting signals at 36-8.3 nm and 405.8 nm were 
measured, again averaging at each wavelength for about 
30-60 sec. for each point measured. This procedure was 
repeated for a number of points in the flame at distances 
of 0 - 28 mm from the reaction zone, in order to obtain a 
flame profile. It was important to take background 
measurements at each distance from the reaction zone, to 
take account of stray laser scattering off the burner face. 
A fluorescence scan indicating the relative intensities of 
fluorescence and background is shown in fig. 13. The 
signal to noise ratio in all runs was better than 7:1 and 
3:1 for the lines at 368.3 and 405.8 respectively. 
FLUORESCENCE RESULTS 
For the excitation at 405.8 nm, the fluorescence at 
368.3 nm was compared to that at 364.0 nm and the ratio r 
plotted as a function of distance from the reaction zone, 
>-
.... 
(/) 
c 
Q) 
.... 
c 
(a) (b) 
i 
'tl 
~ ~ I 
360 370 
Wavelength nm Wavelength nm 
Fig. 12 Pb fluorescence excited at 405.8 nm: (a) Typical scan of lines at 364.0 
and 368.3 nm, gain= 1; (b) background scan, laser off and Pb in flame, 
gain = 3. 
w 
0'1 
Fig 13 
(a) 
,, l l .l l l.l _1 
I I I 
(b) 
I l l 
(c) 
\.. 
.lo alo .L 
Wavelength nm 
Typical spectra of Pb fluorescence excited 
at 368.3 nm in flame Z6. 
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(a) Background only, J.aser off, Pb added to 
flame, gain = 100; (b) Pb fluorescence at 
368.3, and 405.8 nm. Gain at 364.0 nm = 20, 
gain at 368.3 and 405.8 nm = 1. 
· (c) Scattered laser light at 368.3 nm, gain = 1, 
no Pb added. 
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where 
r = 
I368.3nm 
I 364.0nm 
3.11 
Figure 14 presents some typical results of such 
plots, and it can be seen that as noted by Jenkins 41 , the 
ratio r is considerably lower than that expected if there 
were complete equilibration between the two states 7s 3P1° 
3 0 
and 7s P0 • For example, at 1400 K, if equilibrium 
existed between the two states, r = 2.686 and at 1800 K 
e 
the ratio would be r = 2.49. The other important feature 
e 
of the plots given in fig. 14, is that there is a marked 
increase in r close to the reaction zone for all flames, 
and there is a levelling out to a constant value in the 
post reaction-zone gas stream. This feature strongly 
implies that the relaxation process 3.1 
3.1 
is most effective, when M a flame radical such as H, OH 
or o, since all other species such as H2 , o2 , N2 , H2o 
reach a near steady state value within the reaction zone, 
and it is only by relatively slow termolecular reactions in 
the post reaction zone gas stream that H, OH, and 0 are 
48 
removed • 
In the set of experiments using excitation at 368.3 
nm, the fluorescence at 368.3 nm was compared to that at 
405.8 nm after a correction to allow- for the difference in 
spectrometer/photomultiplier sensitivity had been made. 
The ratio of the two intensities, denoted as r', is given 
by 
r' = 
I405.8nm 
368.3nm 
3.12 
0.6 
r 
0.4 
0.2 
0.6 
r 
0.4 
0.2 
0.6 
r 
0.4 
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Fig. 14 (a) 
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I Fluorescence ratio r = 368.3 as a function 
364.0 
of distance from the burner face. 
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Results for some typical flames are presented in 
figure 15, where r' is plotted as a function of distance 
from the reaction zone. Again it is noted that the 
populations of 3P1° and 
3P0° do not reach their equilibrium 
values, since at 1400 I I K, r = 1.2 and at 1800 K, r = 
e e 
1.29. The marked increase in r' near the reaction zone is 
again present, this time indicating that the reverse 
process of 3.1, namely 3.13 
3.13 
is most effective when M is a flame radical. 
The values of r obtained by Jenkins41 at 1 em from 
the reaction zone of his hydrogen and oxygen flames, 
diluted with various gases, are in agreement with 
those found in the present work. Unfortunately, an exact 
comparison cannbt be made, since the compositions of the 
flames of Jenkins, and their temperatures, do not coincide 
with the present work; however, a value quoted for 
concentration ratios at 1 em in a flame for which T = 
1400° K, gives r = 0.356 which compares favourably with 
the results of this work. 
In order to establish the dependence of r and r' on 
flame radicals, it iu necessary to consider the various 
processes which characterise the structure of H2/N2/o2 
flames, and establish the dependence of flame radicals on 
composition and time. Chapter IV deals with this and 
obtains the dependence of r and r' on flame radicals. 
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CHAPTER IV 
LEAD FLUORESCENCE AND HYDROGEN ATOM CONCENTRATION 
I. INTRODUCTION 
In many flames, radicals exist in concentrations 
far in excess of their thermodynamic equ ibrium value~9 , 50 ; 
however, it is possible to relate the concentrations of H, 
OH, and 0 to the concentrations of the bulk constituents 
by way of the following. reactions which are at 
equilibrium: 
Kl 
H + H20 + OH + H2 4.1 
K2 
4.2 OH + OH + H2o + 0 
K3 
4.3 H + OH + H2 + 0 
K4 
H + o2 + OH + 0 4.4 
If the concentration of one radical species (usually 
H) is known absolutely these equilibria enable the 
concentrations of other radicals to be calculated from the 
known equilibrium constants and concentrations of bulk 
constituents H2 and H2o 
At flame temperatures, the reactions 4.1 to 4.4 are 
fast, and the equilibria are rapidly established49 • Thus 
we have: 
4.5 
[0] 4.6 
so that in a fuel-rich flame we can consider [OH]~[H] and 
[O]a:[H] 2 • 
44 
II. RELATIVE [H] MEASUREMENT 
In a hydrogen-rich flame, the concentration of free 
hydrogen atoms, [H], is related to the intensity of the CuH 
band at 428.0 nm, when copper is added to the flame 51 • 
Addition of a fine spray of an aqueous copper solution to 
a hydrogen flame leads to the production of excited copper 
hydride, CuH* 
Cu + H + M + CuH* + M 4.7 
The transition of CuH* to the ground state (0-0 band of 
A +X) is accompanied by emission at 428.0 nm: 
CUH * + C H + h u v428 4.8 
The intensity of emission is directly proportional 
to the concentration of H atoms in the flame gases, so that 
measurements of CuH emission may be used to determine 
relative [H] 1n a flame. It is important to note however, 
that the relative hydrogen atom concentration from point 
to point in a flame, determined in this manner, cannot be 
used to determine relative concentrations between different 
flames, due to a significant temperature coe icient of the 
emission at 428.0 nm51 . 
Hydrogen atom concentration decay in the flame obeys 
pseudo second order kinetics 49 , so [H] is related to time 
according to equation 4.9 
1 
[H] = + kt 4.9 
Hence a plot of [H]-l versus time (or distance) from 
the reaction zone is linear. Similarly a plot of (ICuH*)-l 
versus time (or distance) from the reaction zone is linear 
and absolute values of [H] determined at any point in the 
45 
flame may be used to scale the values of (IC~H~) to 
reciprocal hydrogen atom concentrations at any other point 
in the flame. 
Relative hydrogen atom concentrations were determined 
using this method for all flames studied in this work. 
Copper was added to the flame as an aqueous solution of 
0.01 M copper nitrate. The emission at 428.0 nm was 
measured, using the photometric system described in 
Chapter II, at 0.5 mm intervals over the region 0 to 25 mm 
from the reaction zone. The position of the reaction zone 
was taken to correspond with peak [H]~ and was determined 
by observino the position of peak emission of the CuH band. 
III. ABSOLUTE [H] 
Absolute hydrogen atom concentrations were determined 
using the Li/LiOH method 49 • This method depends on the 
measurement of the fraction of added lithium in the flame 
which is combined in the form of lithium hydroxide according 
to equation 4.10 
Li + H20 
KLi 
+ LiOH + H 
If [Li]T is the total lithium 
then we have the relation: 
[LiOH] 
[Li] 
Hence we have that 
[Li]T 
( [Li]) 
= 
l 
[Li]T 
( [Li]) 
4.10 
added to the flame, 
l 4.11 
where KLi is the equilibrium constant of equation 4.10. 
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The ratio [Li]T/[Li] was obtained by comparison of emission 
intensities for the sodium-D lines at 589.0/589.6 nm and the 
close lithium doublet at 670.8 nm. Since sodium added to 
the flame is unaffected by reactions such as 4.10, a 
measurement of its concentration in the flame is a measure 
of total lithium which is added to the flame in a known 
ratio to the sodium concentration. 
A mixed solution of 10-3 M sodium chloride and 
2 x 10-2 M lithium acetate was sprayed into the flame from 
the atomiser and a number of measurements at 589.0/589.6 nm 
and 670.8 nm were made at each point in the flame. This was 
done for two or three points in the flame. The value of ¢ 
was calculated from the relative emission intensities 
using equation 4.12 
1 + ¢ = 
2 
INaMLifLi 8 LiA Na 
ILi~afNa8NaA Li 
hv Na -hv Li 
exp( kT ) 
where INa and ILi are the intensities for Na at 589.0/ 
589.6 nm and Li at 670.8 nm respectively, Mare 
4.12 
concentrations in the atomiser solution, f's are transition 
probabilities, S's are relative photometer sensitivities 
and A's and v's are the wavelengths and frequencies 
respectively for the resonance doublets. 
The equilibrium constant KLi was derived from 
molecular partition functions and is given in equation 4.13. 
~ TI KL.=h-,;;-
1 8 2 
~ 
where I = (I I I ) 2 H20 X y z 4.13 
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where M is the relative atomic or molecular mass in grams, 
and I stands for moment of inertia. The product 
is taken over all the vibrations of H2o and LiOH. LiOH was 
assumed to have linear structure 52 • The relevant vibration-
al data, and bond lengths and enthalpies of formation are 
given in appendix II and are taken from the. JANAF thermo-
chemical tables 53 Numerical values of KLi at temperatures . 
corresponding to flames studied were obtained using formula 
4.13 in a computer program run on a RADIO SHACK TRS 80 
micro computer using LEVEL II BASIC. 
The heat of reaction bH0 was calculated from the 
heats of formation at 0 K of Li, H2o, OH, and H, given in 
53 the JANAF thermochemical tables , and a value of 58.7 kJ 
for LiOH. 
A value of 435 kJ.mol-l was used for the dissociation 
energy of Li - OH instead of the JANAF value of 430.1 ± 21 
-1 kJ.mol • This value is still within the experimental 
uncertainty of the JANAF value and corresponds to a value 
of 58.7 kJ for the heat of formation of LiOH75 . The reason 
for adopting a slightly high value is that it results in a 
smaller negative temperature coefficient for the reaction 
5.1, so that the fact that we observe a negative temperature 
coefficient is not due to the fact that the value of 
D~i-OH was too small. For the flames used in this work, 
values of [H] at 1.5ms from the reaction zone are plotted 
-1 
as a function of T and presented in figure 16. 
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7 
Concentrations of atomic hydrogen measured at 
1.5 ms from the reaction zone. The shading 
of points indicates families of flames (same 
N2 :o2 ratio) identified by the number associated 
with each curve. Within each family, 
H2 :o2 ranges from Z(4.5) to A(2.0) but family 4 
ranges from Z(4~5) to F(2.5) and family 8 from 
u ( 4 • 0 ) to F ( 2 . 5 ) . 
49 
IV. THE DEPENDENCE OF r AND r' on [H] 
It was shown in figures 14 and 15 that the ratios 
of fluorescence r and r' were strongly peaked toward the 
reaction zone, which implied that the reaction 3.1 
3.1 
was most effective when M was a flame radical, namely H, 
OH or 0. 
It seemed that OH and H would be most likely to be 
important since the concentration of 0 atoms is generally 
two orders of magnitude below those of H and OH in hydrogen-
rich flames 54 . 
Assuming that the rate of spin orbit relaxation, 
responsible for the shape of the curves in figure 14, is 
associated with either H or OH, rather than 0, then to a 
first approximation (which is justified in section V.I), 
we may write 
r = a H + b 4.15 
or 
r = a I ICuH + b '· 4.16 
where a is associated with the rate constant of equation 
3.1 for hydrogen atoms and b depends on the rate constant 
of equation 3.1 for M = N2 , H2 , H2o. A similar expression 
may also be obtained for I r . 
Direct plots of r versus ICuH for a selection of 
flames are given in figure 17 and the correlation is seen 
to be excellent. According to equation 4.6, the concentra-
tion of oxygen atoms is directly proportional to the 
concentration of hydrogen atoms squared, and hence by 
0.6 
r 
0.4 
0.2 
0.6 
r 
0.4 
0.2 
0.6 
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0.4 
0.2 
Fig. 17 
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Z5 
6.0 12.0 18.0 
IcuH arbitrary units 
I 36 8. 3 
Correlation of r = r 364 . 0 with relative 
hydrogen atom concentration given by ICuH' 
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2 
equation 4.7, is also proportional to (ICuH) . Plots of 
r versus (ICuH) 2 are given in figure 18, and it is obvious 
2 that there is no linear relationship between r and (ICuH) , 
so that oxygen atoms can be discounted as being significant 
in the process of spin orbit relaxation as given by 
equation 4.14. 
For the flames studied in this work, it is found 
that the effect due to flame radicals is smaller when [H] 
is low, for example in the oxygen-rich flame A5(figure 14), 
and larger when [H] is large in the hydrogen-rich flame 
Z6(figure 14). Because of the family effect of equation 
4.5, we expect [OH] to be greater in flame A5, than in 
flame Z6. Also, H atoms are. typically an order of magni-
tude more abundant than OH radicals in hydrogen rich 
flames 7 , so that H atoms rather than OH radicals are 
considered to be responsible for the observed effect. 
This assumption is proved to be correct when values of kH, 
the rate of spin-orbit relaxation due to hydrogen atoms,are 
calculated. Any effect due to OH radicals would appear as 
a family effect (similar to the plots of [H] versus 
reciprocal temperature) due to the variation of [OH] in 
equation 4.5 with changing ratio [H 20]/[H2 ] from flame to 
flame. That there is no obvious family effect can be seen 
from figure 19. It is possible however, that a small family 
effect does exist, but the magnitude of the scatter in 
figure 19 excludes any estimation of this. 
It is concluded that the process of spin-orbit 
relaxation as given by equation 3.1 is best expressed as 
4.16 
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with relative oxygen Correlation of r = 
atom concentration 
364.0 2 
given by ICuH' 
The curves indicate a dependence of r on [H] 
rather than [0]. 
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4.17 
as well as the respective reverse reactions. In equation 
4.17, M is any of the bulk constituents of the flame, 
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CHAPTER V 
I. EVALUATION OF kH AND kM 
With reference to the fluorescence schemes given in 
figure 11, processes which are important in deriving express-
ions for kH and kM are listed 5.1 to 5.10, 
Pb( 3P 0 ) + H -+ Pb( 3P 0 ) + H 5.1 1 0 
Pb( 3P 0 ) + M -+ Pb( 3P 0 ) + M 5.2 1 0 
Pb( 3P 0 ) + Q -+ Pb + Q 5.3 1 
Pb ( 3p o) + Q -+ Pb + Q 5.4 0 
Pb ( 3p o) + H -+ Pb( 3P 0 ) + H 5.5 0 1 
Pb ( 3p o) + M -+ Pb( 3P 0 ) + M 5.6 0 1 
Pb( 3P 0 ) -+ Pb + h\!405.8 5.7 1 
Pb ( 3p o) 
1 Pb + h\!283.3 5.8 
Pb( 3P 0 ) -+ Pb + h\!364.0 5.9 1 
Pb ( 3p o) -+ Pb + h\) 368.3 5.10 0 
where Q is any quencher species in the flame gases, such as 
H2o, N2 , H2 , and is thus essentially the same as M. The 
Einstein transition probabilities for processes 5.7 to 5.10 
are designated A1 to A4 respectively and are given in fig. 
10. These values are the same as those used by Jenkins 41 , 
and are referenced in fig. 10. The rate constants for 
reactions 5.1 and 5.2 are designated kH and kM respectively. 
If we denote the rate constants for reactions 5.5 and 5.6, 
as k'H and k'M' then we can relate k'H to kH by the 
principle of detailed balancing. 
k' H 
kH 
k' H 
= [Pb ( 3p o)] 
0 
gl -
= - exp(-hcw/kT) go 
= 3 exp(-hcw/kT) 
= K kH eq 
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where w = 327.3 cm-l (3.916 kJ mol-l) is the energy 
separation of Pb( 3P1°) and Pb(
3P0°), g 1 and g 0 are the 
5.11 
3 0 3 0 
statistical weights of the states P1 and P0 respectively, 
and the other symbols have their usual meanings. 
From the above, we can write: 
k' = k K H H eq 5.12 
and similarly 
k I = k K M M eq 5.13 
For the case of excitation at 405.8 nm, the steady state 
condition for Pb( 3P0°) may be written as in 5.14, denoting 
3 0 0 3 0 1 Pb( P0 ) as Pb and Pb( P1 ) as Pb 
~t[Pb0 J = 0 = (kH[H] + kM[M]) [Pbl] - [Pb0 ] 
(Ke~(kH[H] + kM[M]) + kQ[Q] + A4 ) 5.14 
this rearranges to 
[Pbo]_ kH[H] + kM[M] 
[Pb1 ]- Keq(kH[H] + kM[M]) + kQ[Q] + A4 
5.15 
so that the ratio of fluorescence intensities, r, is given 
by 5.16 
1 36 8. 3 A4 [Pb
0
]. 
r = = 1 36 4 .0 A3 [Pb
1 ] 
5.16 
A4 (kM M + kH H) 
= 5.17 
A3 (Keq(kH H + kM M ) + kQ Q + A4) 
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Similarly, for the case of excitation at 368.3 nm, under 
steady state conditions, we have that 
= Keq(kH[H] + kM[M])[Pb0 ] 
-(kM[M]+kH[H]+kQ[Q]+A1 +A2+A 3 )[Pb
1 J 5.18 
Writing A1 + A2 + A3 = A5 , 5.18 rearranges to 
[Pb1 J 
-- = 5.19 
so that the ratio of fluorescence intensities r' is given 
by 5.20 and 5.21 
r' 
Al [Pb 1 J 1 405.8 
= = 
A4 [Pb
0 ] 1 368.3 
= 
Equations 5.17 and 5.21 can be arranged to give 
and 
= rA3 (A4 + kQ[Q]) 
A4 - rKeqA 3 
I 
A1 K - r A4 eq 
5.20 
5.21 
5.22 
5.23 
The cross sections used to obtain kQ were taken from 
Jenkins 41 and are listed in table 1 and refer to quenching 
3 0 
of the P 1 state. These values are total quenching rates 
3 0 for P1 and hence include a contribution from reaction 5.2, 
however, by subtracting the measured effect of reaction 5.2, 
a 'bare' quenching rate constant kQ is obtained for each 
flame gas mixture. The same value of kQ has been used for 
both reactions 5.3 and 5.4, that is, the quenching rates for 
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3 0 3 0 P1 and P0 have been assumed to be identical. This was 
necessary as there are no available values for quenching 
cross-sections for 3p 0°. 
In practice, since kM (and hence kQ} was not known to 
begin wit~, initial values of kH and kM were obtained by a 
TABLE 1: Cross-sections for the quenching of Pb 7s 3P1° 
Quencher (} 2 X 1016 2 Ref. em 
0.4 ± 0.1 Jenkins 41 
0. 016 Mandl and Chen 42 
8 ± 2 nk. 41 Je 1ns 
5.7 ± 0.5 Jenkins 41 
5.7 Mandl and Chen 42 
least-squares fit of the right hand side of equations 5.22 
or 5.23 to the decay of [H], obtained by the LiOH and CuH 
methods, as described in Chapter IV, using the cross-
sections given by Jenkins 41 The resulting value of kM was 
subtracted from kQ and the least squares routine repeated. 
In most cases only one iteration of this type was necessary 
because kM is typically less than kQ by about a factor of 
10. That this is so can be seen from table 4 (page 66}. 
To a first approximation then, since kM and kH are 
small in comparison to kQ' and with [H] typically of the 
order of 10-2 atm, the numerator of equation 5.17 can be 
set equal to kQ[Q] which is constant in any one flame. 
Hence equation 5.17 can be approximated to equation 5.24 
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r = 
so that 
where A = 
(kH[H] + kM[MJ) 
(kQ[Q] + A.4 )Keq 
It can be seen that equation 4.15 is identical to 5.25, 
where 
5.24 
5.25 
II. THE DEPENDENCE OF rAND r' ON LASER PULSE DURATION 
AND INTENSITY 
The use of a short laser pulse (nominal range 2 to 
10 ns) requires the consideration of possible effects due to 
saturation of absorption, and the possibility that insuffic-
ient time will be available during the pulse for the steady 
state condition, assumed in equations 5.18 and 5.14, to be 
established. 
Saturation occurs when the photon density of the 
exciting radiation is such that the rate of absorption 
becomes greater than the normal processes of de-excitation 
of the excited state, namely spontaneous emission and quench-
ing. Under these conditions and with increasing exciting 
photon density, the population of the excited state 
asymptotically approaches a limiting value dependent on the 
ratio of the degeneracies of the excited state and the lower 
state. When this occurs, stimulated emission becomes the 
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dominant process leading to depopulation of the excited 
t t 55,56 s a e . 
To assess the importance of the possibility of the 
laser pulse being too short to establish a steady state 
3 0 3 0 between Pb 7s P 1 and P0 , and the extent of saturation, 
the differential equations corresponding to the mechanism 
5.1 to 5.10, and 5.26 to 5.29 were integrated numerically 
with typical values of rate constants (obtained from experi-
mental values of r and r'), H atom concentration, temperature, 
laser power, pulse width, beam focal diameter, and laser 
bandwidth, assuming the laser pulse to have a Gaussian 
profile. 
Pb(6s 3p ) 2 +h\)405.8 + Pbl 5.26 
Pb 1 + h\J 40 5. 8 + Pb(6s 3p ) 2 + 2hv405.8 5.27 
Pb (6s 3p ) 1 + h\J 36 8. 3 + Pb
0 5.28 
Pb0 + h\J 36 8. 3 + Pb (6s 3p ) 1 + 2h\)368.3 5.29 
The Einstein B coefficients for the processes 5.26 to 
5.29 were calculated from the related A coefficients for 
spontaneous emission, by the formulas: 
3 
= B 8nh\Jo 
21 c3 
where g 1 and g 2 are the degeneracies of the lower and upper 
1 d 2 t . 1 57 states an respec 1ve y . 
The rate of excitation into an excited state is given 
by 
5. 30 
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where p(v) is the uniform laser spectral energy density in 
J.m- 3 .s 2 which was calculated by means of equation 5.31 
p(v) = S.c~v 5.31 
-1 
where ~ is the laser power in J.s , nv is the laser band-
width in s-1 , S is the beam cross-sectional focal area in 
m
2
, and c is the velocity of light. For a typical run, the 
laser power was taken to be 200 W, after including losses 
due to the focussing lens and collimation, which corresponds 
to about 20% of the total laser output. 
The effect of laser pulse length on the integrated 
ratios and peak intensity ratios can be seen by studying 
table 2. It is apparent that the integrated light intensity 
ratio and the calculated steady state ratio are in good 
agreement, even for light pulses which are much shorter than 
those likely to be encountered in practice. 
The agreement between the peak intensity ratio and 
the steady state ratio is lost when the duration of the light 
pulse is decreased, but it should be noted that the detection 
system which was used in this work functioned as an integrat-
or rather than a peak detector, so that the ratio of 
integrated intensities is the relevant quantity. Also, it 
is unlikely that pulse lengths of less than 2 ns were avail-
able from the laser. 
For excitation at both 405.8 nm and 368.3 nm, time 
profiles of the concentrations of the two upper states, 
Pb 7s 3P1° and 
3P0°, and the lower states, Pb 6p 
3P1 and 
3P0 
both denoted as Pb(6p 3P), are given in appendix III. For 
excitation at 405.8 nm the condition of saturation is 
achieved when the ratio 
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Table 2 Numerical test of the steady-state assumption for 
the mechanism 5.1 to 5.10 and 5.26 to 5.29 
[Assumed: T=2000K 1 kH -9 kM 1.0 10-11 = 1.5xl0 1 = X 
(k IS . ' 3 1 ' 1 -1 -1) 1n em .mo ecu e .s 1 Gaussian laser pulse] 
Pulse 
Excitation length ns H atm. Ratio Ratio Ratio 
FWHM (peak) (integral) (steady 
state) 
405.8 nm 1 4 .001 .1776 .1821 .1821 
Ratio = r . 00 3 . 2199 .2252 .2252 
. 01 .3564 . 36 39 .3639 
2 .001 .1677 .1821 .1821 
. 00 3 . 20 80 .2252 .2252 
• 01 .3387 . 36 39 .3639 
1 .001 .1487 .1821 .1821 
. 00 3 .1848 .2252 .2252 
.01 . 30 34 .3639 . 36 39 
. 5 . 001 .1294 .1821 .1821 
• 00 3 .1547 .2252 .2252 
• 01 .2556 . 36 39 . 36 39 
368.2 nm 1 4 . 001 .05776 . 0 59 35 .05935 
Ratio = r' . 00 3 .07224 . 0 7 419 . 0 7 419 
. 01 .1212 .1242 .1242 
2 • 001 .05431 . 0 59 3 5 .05935 
. 00 3 .06796 . 0 7 419 . 0 7 419 
. 01 .1142 .1242 .1242 
1 .001 .04786 . 0 59 35 .05935 
. 00 3 .05992 . 0 7 419 . 0 7 419 
. 01 .1009 .124 2 .1242 
. 5 .001 .03966 .05935 .05935 
. 00 3 .04966 . 0 7 419 . 0 7 419 
. 01 .08366 .1242 .1242 
Pb(6s 3P ) 2 
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reaches 3:5. From the time profiles of appendix III (a) 
and (b), it can easily be seen that this condition is never 
met and the maximum achieved is about 1:5, corresponding to 
30% saturation. 
Similarly, for excitation at 368.3 nm, the ratio 
Pb( 3P0°): Pb(6s 
3P1 ) 
must reach 1:3 at saturation, and as shown in appendix III 
(c) and (d), this ratio does not exceed 1:9 for a 0.1 mm 
focal diameter. It is also important to note that the 
whole reaction zone (1 em wide) is viewed by the horizontal 
slits of the spectrometer, so that the focal diameter ranges 
I 
from 0.5 mm to about 0.1 mm in the viewing region. 
The profile obtained using a high laser output of 
1 kW and a 0.1 mm focal diameter is given in appendix III 
(e), and shows that while the concentrations approach 70% 
saturation at the peak laser intensity, the agreement 
between the integrated intensity ratio and the steady 
state ratio is maintained. The effect of laser saturation 
on the present work can be dismissed also by studying the 
derivations of the steady state equation~ 5.18 and 5.14. 
In both cases, a knowledge of the emission and absorption 
rates involving the directly populated state is not 
required in the steady state derivation. However, under 
saturated conditions the fluorescence at 368.3 nm, excited 
at 368.3 nm, will be modified by a contribution from 
stimulated emission, but this effect is expected to be 
minimal, since stimulated emission occurs only in the direct-
ion of propagation of the laser pulse and would not be 
detected above the uorescence signal at right angles to 
58 the beam . 
III. RESULTS FOR kH AND kM 
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The program used to derive kH and kM from equations 
5.22 and 5.23 consisted of a least-squares routine which fitted 
the right hand side of equation 5.22 or 5.23 to the decay of 
hydrogen atom concentration. 
A list of values for kH and kM is given in table 3, 
which distinguishes those values obtained by excitation at 
405.8 nm from those obtained by excitation at 368.3 nm. 
These results are also presented in figures 19 and 20, 
plotted as a function of temperature. The absolute 
deviations, expressed as percentage of kH are also given in 
table 3. 
The plot of kM versus temperature given in figure 20 
shows three important features. First, the process of spin-
orbit relaxation, as given by equation 4.17, where M is one 
of the flame bulk constituents, namely H2 , N2 , or H2o, is 
moderately fast since kM is of the order of 10-ll cm3 • 
molecule- 1 . s-l in all flames. Second, the rate constant 
kM shows a positive temperature coef cient (varying 
approximately as T1 · 8 ). Third, the rate constant shows no 
marked "family effects". In other words, variation of flame 
gas composition at constant temperature does not have a 
marked effect on kM. This implies, since kQ[Q] is the 
largest term in the denominator in equations 5.17 and 5.32, 
see table 4, that the relative quenching cross-sections for 
H2 , N2 and H20 are not seriously in error. It should be 
noted that the cross-sections quoted by Jenkins for N2 and 
15.0 
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5.0 
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The variation of kM with temperature T. 
Th l 'd 1' d 1 · 8 d d e so 1 1ne correspon s to a T epen ence. 
The symbols for various families are the same 
as in Fig. 19. kH is in cm3.molecule-l.s-l. 
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Table 3 (a) . Excitation at 405.8 nm 
Flame Temperature kHx10 10 kMx10 12 % 
K 3 -1 -1 cm.mol .s 3 -1 -1 cm.mol .s deviation 
us 1575 15.9 3 6.21 12.2 
P8 1640 11.03 8.75 11.3 
K8 1680 10.23 8.04 11.4 
F8 1710 8. 01 8.78 12.3 
Z7 1560 17.4 7.56 
U7 1630 15.04 7.54 8.5 
P7 1689 15.5 8.05 8.5 
K7 1750 9. 6 3 9.63 7.8 
F7 1835 9.98 9.77 7.9 
A7 1815 11.8 8.17 9.5 
Z6 1696 15.4 8.96 5.6 
U6 1760 11.3 11.12 8.1 
P6 1810 9.64 10.9 11.8 
K6 1856 11.4 11.9 5.9 
F6 19 27 9.6 1.21 7.9 
A6 1945 11.1 9.5 10.2 
Z5 1807 12.0 11.4 5.9 
us 1920 9.4 10.3 6.2 
P5 1958 10.9 10.5 8.3 
K5 2055 10.1 . 10.8 8.2 
F5 2110 10.3 12.4 6.2 
AS 2148 4.36 13.9 7.1 
Z4 1945 13.5 12.2 7.5 
U4 2027 12.1 11.7 11.2 
P4 2120 8.2 14.3 6.2 
K4 2188 7.9 14.1 10.4 
F4 2300 9.7 13.6 9 .. 3 
A4 2385 5.9 16 .5 6.7 
Table J(h) .• Excitation at 368.3 nm 
Flame Temperature k x1o10 k x1o1 2 % B M 
K cm~mol-~s-1 cm~mo1-~s-1 deviation 
U7 1630 19.0 4.46 7.6 
Z6 1696 23.7 4.72 12.2 
K6 1856 12.6 6.94 7.9 
Z5 1807 23.3 5.08 9.1 
P5 1958 17.2 5.87 7.4 
F5 2110 11.4 10.5 11.3 
F4 2300 14.0 10.3 9.0 
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H2o are in agreement with the results of Mandl and Chen
42
, 
41 f 2 -16 3 . but Jenkins' value o n.aH = 1.3 x 10 em 1s consider-
2 
ably different from that of Mandl and Chen, who obtain 
2 -16 3 
n.aH = 0.05 x 10 em . However, the contribution of 
2 
kH [H 2] to kQ[Q] is 2 molecule-~ s-1 , and 
-11 3 quite small (kH ~5 x 10 . em. 
2 
k ~ 3 x lo-10 cm3• molecule-~ s-~ since Q 
[ H2] is typically of the order of 10-
2
. atm,: as can easily be 
seen by studying table 4. 
TABLE 4 
FLAME 
K6 
T = 1856 K 
F5 
T = 2110 K 
Z5 
T = 1807 K 
[H] 
atm 
1. 4xl0 -2 
9.49xl0 -3 
2 .56xlo- 3 
1.34xlo- 2 
-3 5.95xl0 
-3 2. OxlO 
-2 2 .19xl0 
-3 6.55xl0 
-3 2.54xl0 
kQ[Q] 
s-1 
9.59xl0 8 
9.56xlo 8 
8.62xl0 8 
kH[ H] 
s-1 
6. 46xl0 7 
4.38xl0 7 
1.18xl0 7 
7 4.72xl0 
2.09xl0 7 
6 7.05xl0 
8 1.07xl0 
3 .19xl0 7 
1. 24xl0 7 
kM[M] 
s-1 
4.56xlo 7 
7 4.27xl0 
4.63xl0 7 
The values of r and r' corresponding to different heights in 
the flame gas, and all relevant flame parameters were 
stored on magnetic disc for easy access. All data points 
for each run were included in the initial determinations of 
kH and kM but, in some cases, those points which deviated 
from the least-squares line by more than twice the standard 
deviation were removed, and the least-squares routine 
repeated. These points were considered to be 'wild' points 
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(in the worst cases, six points out of sixty were removed, 
and only seven flames were treated this wayi typically, 
about two or three points were removed) , and could easily 
have arisen from atomiser or laser power fluctuation during 
a measurement, or slight off-line tuning of the monochromator. 
As can be seen from table 3, the values of kH and kM 
obtained by excitation at both 368.3 nm and 405.8 nm are not 
in good agreement, although the results are broadly compat-
ible. The uncertainty associated with the values of kH and 
kM can be estimated from the uncertainty in hydrogen atom 
concentrations, quenching rates and the absolute deviations 
associated with the least-squares fit of r to hydrogen atom 
concentration. Taking an uncertainty in ~H0 (0) for equation 
4.10 to be 5 kJ,mol-l, the resulting uncertainty in [H] is 
calculated to be about 30%. Also, a 0.2 mm error in deter-
mining the flame front will result in an approximate 
uncertainty of 10% in [H] in the region 2 mm to 5 mm above 
the burner face, and since this is the region which defines 
the slope of graphs such as in fig. 17, it is justified to 
place an uncertainty of 40% on [H]. The uncertainty in 
quenching rate constants can be taken as that corresponding 
to the quenching by H2o and N2 , and for most flames, this 
amounts to about 10%. In the majority of cases, the mean 
deviation of kH, and hence kM, obtained from a least squares 
fit of r to [H], is about 10%, so that the total uncertainty 
associated with a value of kH or kM can be estimated, in a 
* first approximation, as 60%. 
* This estimation is in error in that random errors 
associated with kH and kM have been compounded with 
systematic errors (50%). 
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CHAPTER VI 
PREDICTIONS OF RATE CONSTANTS BY 
MODEL CALCULATIONS 
I. INTRODUCTION 
The calculation of rate constants for collisionally 
induced atomic and molecular transitions usually involves 
calculating the probabilities of non-adiabatic transitions, 
which arise from crossing of potential curves corresponding 
to wave functions of the transient molecules formed during 
the collision. 
The theory of curve crossing was developed independ-
59 60 61 
ently by Landau , Zener , and Stuckelberg , and has been 
applied successfully, with various modifications, to a 
62 
number of atomic and molecular systems . However, the basic 
Landau-Zener theory has a number of limitations, due to 
assumptions made in its derivation, which restrict its region 
of applicability. These have resulted in a number of modif-
ications by various workers in attempts to extend its range 
Of l 'd't 63 va 1 1 y • 
In spite of its defects, the Landau-Zener theory is 
very useful in providing at least a qualitative description 
of how curve crossing influences collisions between atomic 
d th th . . . . 62 systems, an e eory 1s quant1tat1ve 1n many cases . The 
essential features of the theory and its modifications are 
outlined in the following sections. 
The results of its application to the Pb* + H and 
Pb* +H 2o systems, to predict rate constants, are presented 
and compared with the experimental values. 
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II. THE THEORY OF CURVE CROSSING 
Curve crossing in a system of two colliding atoms in 
an inelastic encounter is normally described in terms of a 
tendency for the two electronic states of the unperturbed 
diabatic wave functions, ¢1 and ¢2 , to mix as they become 
degenerate at a crossing point, given by V and R in fig. X X 
21. When the relative velocity of the two colliding atoms 
is high, the mixing is weak, and the system will tend to 
remain in one of the diabatic states, so that the trans-
lational motion of the colliding partners is governed by v1 
or v 2 • At low velocities however, where the mixing term is 
dominant, the system will remain in one of its adiabatic 
states ~l or ~ 2 , and the translational motion is governed by 
V I I 1 or v2 . 
The potential energy curves of the adiabatic wave 
functions ~l and ~ 2 exhibit an avoided crossing with a 
minimum energy separation 2s 12 , where s 12 is the matrix 
element of the perturbation which mixes the original diabatic 
wave functions ¢1 and ¢2 . 
The Landau-Zener theory predicts that the probability 
of a transition from one diabatic curve to another is given 
by 
6.1 
where v is the relative velocity of the colliding partners 
along their line of centres (radial velocity), and F1 and F 2 
are the slopes of the potential curves in the region of 
crossing. This is equivalent to the probability that the 
system will remain in one of the adiabatic states. Conse-
quently, since the system must be represented by either a 
diabatic or an adiabatic state, the probability that it will 
v 
Fig 21. 
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Rx R 
Potential curve a two-state curve 
crossing. v1 and v2 are the potentials 
of the unperturbed diabatic wave functions 
I I 
¢
1 
and ¢ 2 respectively. v1 and v2 are 
the potential curves of the adiabatic 
wave functions wland w2 which result 
from a mixing of the diabatic wave functions 
¢ 1 and ¢ 2 . 
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remain in one of the diabatic states will be 1 - P12 , which 
is equivalent to a transition from one adiabatic state to 
the other. 
In an atomic collision, the system must pass through 
the CI.'ossing region twice: once when the atoms 'approach each 
other, and again when they recede, so that the total 
probability of a transition is given by 
This is the basic Landau-Zener formula. The approximations 
made in its derivation can be summarised as follows: 
== a constant 
~ v == ( 2E/ ~) = a constant 
F. = 
l 
dv. 
l 
dx = a constant 
where ~ is the reduced mass of the colliding atoms with 
energy E. In equation 6.5, the assumption is that the 
6.3 
6.4 
6.5 
slopes given by F1 and F 2 are constant in the region of the 
crossing, i.e. the potential curves v. are linear. A 
l 
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modified form of equation 6.2 has been given by Stuckelberg , 
who obtained 
6.6 
for the total crossing probability, where T is given by 
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6.7 
where r 1 and r 2 are the classical turning points for tbe 
··:;; 
motion of energy E on curves v1 and v2 respectively, and 
R is the crossing radius as shown in fig. 21. The 2 sin2T 
X 
factor arises from interference between the wave functions 
incoming and outgoing particles. Equation 6.6 is known 
as the Landau-Zener-Stuckelberg formula, and embodies the 
same assumptions, given in equations 6.3 to 6.5, as equation 
6. 2. When 1 is large, due •to integration over a large 
number of trajectories, corresponding to a range of neigh-
bouring potential curves (such is the case when a number of 
rotational vels are included in v1 and v2 ) then equation 
6.6 reduces to equation 6.2. 
With reference to fig. 21, it can be seen that the 
assumptions given by equations 6.3 and 6.4 are valid 
provided that the region in which they apply is sufficiently 
small. The effective width of the crossing region is 
dependent on the magnitude of the velocity V. At low 
velocities, it is defined as the region ~r in which the 
diabatic curves are significantly different from the 
adiabatic curves. Forth case, the "static width" is 
given by 
6.8 
At high velocities, the width of the crossing region is 
governed by the size of the region over which the phase 
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difference between the wave functions ~l and ~ 2 is small. 
For this case, the "dynamic width" is given by 
6.9 
Thus, as the velocity becomes larger, and the width of the 
crossing region becomes greater, it is obvious that the 
equations 6.3 and 6.4 will not hold over the entire crossing 
region. However, it can be shown64 that the Landau-Zener 
formula is valid provided that 
and 
where 
E/E >> 2 
0 
11F 
E 
0 
= IF1 - F 2 j, F = (jF 1 .F2 1>~ and 
= (h 2F 4 /2l-!11F 2 )~ 
For the case where the transition region includes the 
6 .10 
6.11 
turning point for classical motion on the 'mean potential' 
with slope F, the assumption of constant velocity is again 
. l'd h N'k' ' 65 h bt ' d th lt ' 1nva 1 ; owever, 1 1t1n as o a1ne e resu g1ven 
in equation 6.13 for the probability near the turning point. 
6.13 
where A. (y} is the Airy function as tabulated by Abramovitz 
l 
66 
and Stegun , and 
6.14 
At energies E which are well above V , equation 6.13 reduces 
X 
to 
6.15 
which is identical to the Landau-Zener formula 1n equation 
6.2, when P12 is small. 
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When E << V , for example when the potential curves 
X 
include a large rotational term corresponding to a large 
impact parameter, as in fig. 22(b), the system must reach R 
X 
by quantum-mechanical tunnelling. F th N'k't' 67 or ese cases, 1 1 1n 
has obtained the result 
P = 2n£i 2/(hjvj6F) .exp(-~j~ 1 1 ~) 6.16 
0 
The formulae above apply to cases where the curve 
crossing is fully allowed68 . For a fully allowed transition, 
MJ. = 0 6.17 
where n is the total angular momentum of the transient 
diatomic molecule. Where 
6n = ±1 6.18 
the crossing probability is small, and is given by 
2 2 
= 2nwx .J(x) 12 /6FhV 6.19 
Here wx is the angular velocity of rotation of the molecular 
axis in a plane perpendicular to the angular momentum 
vector of the colliding atoms, and J(x) 12 is the matrix 
element of the angular momentum operator J(x) between the 
diabatic wave functions. Transitions of this sort occur 
where the coupling arises from a ure of the ctrons to 
keep up with the rotational motion of the nuclei 63 • 
III AVERAGING OVER IMPACT PARAMETER AND VELOCITY 
DISTRIBUTION 
For a given impact parameter b and collision energy 
. 2 
E = ~v0 , the radial component of the relative velocity is 
given by 
6.20 
I 
I 
---1 
I 
I 
I 
I 
• 
Fig. 22 
(a) 
E 
(b) 
Rx 
Tunnelling to the crossing point given 
by Rx, Vx: (a) large rotational energy 
component, E < V with tunnelling from 
X 
below: (b) moderate rotational component, 
E > Vx with tunnelling from above. 
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where Veff includes a rotational energy component, and is 
given by 
6.21 
and V(r) is the energy given by one of the original diabatic 
curves. This has the effect of moving the crossing potential 
Vx to higher values as the rotational energy increases, 
giving rise to a centrifugal barrier at moderate energies, 
and a repulsive potential at high rotational energies, and 
introduces the possibility of tunnelling to R . This point 
X 
is illustrated in fig. 22. 
For the curve in fig. 22 (a) , at energies below Vx it 
is possible to reach R by quantum-mechanical tunnelling. 
X 
Alternatively, if a rotational barrier exists when the energy 
is greater than vx, then the system may reach R by tunnell-X 
ing through the barrier. This point is illustrated in fig. 
22 (b) • 
For a given probability P(b,v
0
) which takes tunnell-
ing and turning points into account, the velocity dependent 
probability is obtained by integrating over all the impact 
parameters which make a significant contribution to the 
probability, so that we have 
I bmax 2 
0 
P(b,v
0
)bdb 
P('Vo) = 2 
bmax 
6.22 
where b is the largest value of b which has a significant 
max 
contribution. The collision cross-section is therefore given 
by 
a (v ) = nb 2 (v ) 
o max o 
6.23 
Crossing is possible, without tunnelling, over the range 
where 
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6.24 
so that b is given by 
max 
b = R [1 - (V /E) ]~ max X X 6.25 
if tunnelling is negligible. This has the effect of 
-!.< 
-1 producing a T 2 dependence of b and a T dependence of 
max 
the cross section when -v >> E. 
X 
If the effects of tunnelling and turning points are 
neglected, then the product of coll ion cross-section and 
crossing probability at a given velocity v
0 
is obtained as 69 
a (v ) P (v ) = 
0 0 
4TI2£122Rx2(2~[E-Vx])~ 
hbFE 
when 6Q = 0. When fiQ = ±1, the result is given as 
a(v )P(v) = 
0 0 
2 2 !.< lk 16TI J(x) 12 2
2 (E-Vx) 2 
3h~ .E 
6.26 
6.27 
The average cross-section and probabilities are obtained by 
integrating P(v ) and o(v ) over the Maxwell distribution 
0 0 
of speeds at a given temperature, to obtain P(T) and o(T). 
The rate constant is then calculated as 
k (T) 6.28 
where (y)-l is a statistical weight factor, equal to the 
fraction of collisions which populate the state from which 
crossing is allowed. 
IV COLLISIONS OF MOLECULES 
The theory of non-adiabatic collisions involving 
molecules has been reviewed by Tully70 and is discussed in 
books by Child71 and Nikitin72 . Because of the number of 
78 
degrees of freedom associated with molecules, it is necess-
ary to consider the crossings of multidimensional potential 
energy surfaces, rather than two dimensional potential 
curves for atomic collisions, and a single transition may 
involve a number of such crossings. In many cases it 
appears that the transition probability can be described by 
the Landau-Zener formula, treating the molecule as a single 
atom. In calculating rate constants for the bulk constitu-
ents, the system Pb* + H2o was used, and P12 was calculated 
using equation 6.19. 
V COLLISIONS OF Pb* AND H 
A correlation diagram for Pb( 3P0 ) + H( 2S1 ) is given 
"'2 
in fig. 23 where it has been assumed that the 2E state is 
less stable than the ~IT state73 . It can be seen that there 
are two possibilities for crossings. In the first case, the 
crossing has 6Q = 0, and statistical weight+, in the second 
case, 6Q = -1, with stat.istical weight+. The probability 
of crossing for 6Q = -1 is expected to be small compared 
with that for 6Q = 0. 
VI CALCULATIONS 
Calculations were performed for the Pb* + H and Pb* 
+ H2o systems using Morse potentials,Lennard-Jones 6 - 12 
potentials, and in some cases, Morse potentials which had been 
modified by hand so that the effect of the shape of the curve 
in the vicinity of the crossing could be investigated. 
Potentials were calculated at forty values of inter-
nuclear distance ranging from slightly less than the smaller 
re value to about 20 nm. With all potentials used, the 
4!2! 
4rr 
Hund's case (a) 
Small internuclear 
distance 
0:5/2 
3/2 
3!2 
1/2 
112 
Hund's case (c) 
Large internuclear 
distance 
Fig. 23 Correlation diagram for PbH. 
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separated 
atoms 
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dissociation limits were adjusted to give a separation of 
-1 . 3p 0 3.196 kJ mol , correspond1ng to the separation of the 1 
and 3P 0 states of lead. 0 
For each potential curve, a set of thirty different 
curves were constructed by adding different amounts of 
rotational energy, which covered the range of velocities 
and impact parameters which would be encountered in the 
calculation over the temperature range of interest. 
The values of Rx and 6F were calculated using the 
original potential curves with no rotational energy added, 
and the values of Vx,F1 , F 2 and F were calculated once the 
rotational energy had been added. 
-1 For each £ 12 value used (chosen between 1 kJ mol 
and 10- 3 kJ mol-1 ), a set of thirty equally spaced gas 
velocities was chosen to cover the Maxwell distribution up 
to three times the mean speed ~' and the value 3~ was used 
as the upper limit 6f integration when integrating P(V ) 
0 
and cr(v
0
). The crossing width br was calculated as the 
larger of the two values given by equations 6.8 and 6.9, and 
the corresponding potential energy range in the crossing 
region was calculated as 
bE = F.br 6.29 
For each value of energy E, the corresponding bmax 
was calculated by equation 6.25 and P(b,V) was calculated 
for a succession of b values which were incremented in steps 
of b /30. The actual potential energies corresponding to 
max 
these values of the parameters v and b were obtained by 
interpolation between the curves of Veff previously 
calculated. 
If the energy was such that tunnelling through a 
81 
rotational barrier was required in order to reach R , the 
X 
barrier transmission probability was calculated using the 
WKB formula 7 ~ For energies which were above V by more than 
, X 
~l'!E, P was calculated by equation 6.2 with v equal to 
[2(E - V )/~]~. For energies which fell within the range of 
X 
the crossing region l'!E, so that the effects of the turning 
point became significant, P was calculated by equation 6.13 
when the absolute value of the argument of the Airy function 
was less than 2. When the value of the argument was grea,ter 
than 2, and forE > V , equation 6.15 was used, and for 
X 
E < V , equation 6.16 was used. This procedure was necessary 
X 
in order to avoid the oscillations of the Airy function, 
which are not taken into account properly in calculations 
employing finite velocity increments. 
Once the values of P(v) had been obtained for a 
particular value of £ 12 , cr(T) was calculated for a number of 
temperatures using equation 6.23, P(T) was calculated by 
integrating P(v ) over the Maxwell distribution of speeds 
0 
and the rate constant was calculated at each temperature 
using equation 6.28, with y = 1 for the Pb* +H 2o system 
and y = ...t" for the Pb* + H system. 
The program used in the calculations was developed 
mainly by Professor L.F. Phillips of this department, using 
MICROSOFT fortran, and run on a Radio Shack TRS-80 micro-
computer. 
VII RESULTS OF CALCULATIONS 
A selection of results for the Pb* + H system are 
presented in table 5. It can be seen that the observed 
magnitude of the rate constant and the sign of the tempera-
82 
ture coefficient of k(T) can be reproduced, by suitable 
choice of £ 12 and Rx' provided that -Vx is made sufficiently 
large to produce a definite negative temperature coefficient. 
This is a direct result of the negative temperature depend-
ence of b 
max 
With Lennard-Janes potentials, the energy 
dependence of b is usually swamped by a large positive 
max 
temperature dependence of P(T). The results for the modified 
Morse curves are given in table 6, and the corresponding 
potential curves are shown in fig. 24. The original Morse 
curves were modified to give an indication of the effect of 
changing the shapes of the trajectories in the crossing 
region for a given well depth and vibrational frequency away 
from the crossing region. The effect is seen to be small, 
and the results of the temperature dependence are not much 
different from those obtained with the original potentials. 
The results of calculations for the Pb* + H2o system 
are given in Table 7, using Lennard-Janes 6 - 12 potentials. 
If the potential curves are made sufficiently deep for 
crossing to occur in the region where F1 and F 2 are positive, 
the calculations yield a negative temperature coefficient 
for kM' but if the crossing occurs at Rx < re for both 
curves, so that F1 and F 2 are both negative, the resulting 
kM has a positive temperature coefficient. 
Table 8 indicates the relative importance of the 
assumptions made in the Landau-Zener formula when the 
subroutines which include corrections for tunnelling and 
turning point are omitted. While the effect of the tunnell-
ing is quite small, the effect of the turning point is 
quite significant. When the effect of the turning point 
was ignored, the simple Landau-Zener formula was used with 
83 
the assumption of constant velocity. 
VIII COMPARISON OF THEORY AND EXPERIMENT 
For the Pb* + H system a logarithmic plot of the 
temperature dependence of the experimental values of kH 
is given in· figure 24 (a). The data were subjected to 
a least-squares routine to obtain the magnitude of the 
temperature exponent. The results of the power fit 
gave a temperature coefficient corresponding to a 
power ofT of -1.7 ± 0.7 at the 95% confidence 
level. The 95% confidence band is taken as lying between 
the limits of twice the standard deviation from the mean. 
For the Pb* + H20 system, a similar plot is given 
in fig. 24(b). The power fit of kM to temperature T, 
yielded a temperature coefficient corresponding to a 
power of T of 1.8 ± 0.3 at the 95% confidence level. 
Although the magnitudes of the temperature 
coefficients are not identical with those predicted by the 
Landau-Zener theory, the differences are possibly just 
within the limits of error. The magnitudes of the absolute 
values of kH and kM can be reproduced, and the signs of the 
temperature coefficients are predicted correctly. 
The theoretically predicted powers ofT are about -0.5 
for the Pb* + H system, and +0.45 for the Pb* + H20 system. 
Clearly further work is needed to determine experimental 
potential curves for the excited states of PbH. 
2.5 
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lnT 
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0 
7.7 7.8 
Fig. 24 {a) Regression of lnkH on 1nT; ~ is given 
in units of 1010 em~ mo1eeu1e:1 s- 1 ; · 
7.4 
T in °K. 
7.5 
lnT 
7.6 7.7 7.8 
Fig. 24 (b) Regression of 1nkM on 1nTi kM is given in 
units of 10-12 em~ mo1eeu1e:1s-1 . 
T in °K. 
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F 
---- Q 
1.0 2.0 
R nm 
Fig. 25(a) Modified Morse potentials. The solid lines 
given by F are the potential curves of the 
Morse functions for the parameters given in 
Table 5(a). The curves given by G are the 
modified potentials, (see Table 6). V is in 
kJ mol- 1 . 
-50.0 
v 
-100.0 
-150.0 
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-
------
D 
---- IE 
::t.O 
R nm 
Fig. 25(b) Modified Morse potentials. The solid lines 
given by D are the potential curves of the 
Morse functions for the parameters given in 
Table 5(b). The curve given byE is the 
modified potential crossing with the deeper 
Morse curve, (see Table 6). V is in 
kJ mol- 1 . 
TABLE 5 
Representative results of model calculations for kH, 
with tunnelling and turning-point effects included. 
(a) Morse curves (D = 160 (upper curve) and 120 
e 
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-1 8 kJ.mol , 10 r 
e = 3.5 and 4.5 em, w = 800 and 500 e 
-1 
em 
E12/kJ.mol 
0. 316 2 
0.3162 
0. 316 2 
0 .100 
0.100 
0.100 
-1 
em, VX = -100.6 kJ.mol-l) 
T/K 
1400 
2000 
2600 
1400 
2000 
2600 
3.84 
3.24 
2.85 
0. 396 
0.334 
0.293 
l0 2P(T) 
3.65 
3.54 
3.43 
0.376 
0. 365 
0.353 
lo13cr(T}/cm2 
5.81 
4.23 
3.37 
5.81 
4.23 
3.37 
-l 10 8r (b) Morse curves (De= 120 and 80 kJ.mol , e = 3.5 
and 4.0 em, w = 600 and 400 cm-1 ; 10 8R = 17.75 em, 
e X 
-1 VX = 41.4 kJ.mol } 
-1 T/K 10 9k 10 2P (T} 13 2 E 12/kJ.mol H 10 cr(T}/cm 
1400 4.52 3.36 7.42 
0. 316 2 2000 3.86 3.21 5.56 
0. 316 2 . 2600 3.45 3.08 4. 54 
0 .100 1400 0.452 0. 336 7.42 
0 .100 2000 0.386 0.321 5.56 
0.100 2600 0. 345 0.308 4.54 
(c) (D 160 and -1 10 8r 5.5 Morse curves 120 kJ.mol , = 
e e 
and 6.0 em, = 800 and 500 em -1 10 8R = 13.18 em, w , 
e X 
vx = -9 3. 75 -1 kJ. mol } 
-1 T/K 109k 10 2P (T} lo 13cr(T)/cm 2 E 12/kJ.mol H 
0.3162 1400 6.43 4.14 8.58 
0.3162 2000 5.60 4 .14 6.25 
0.3162 2600 5.00 4.07 4.98 
0.100 1400 0.665 0.428 8.58 
0.100 2000 0.579 0.428 6.25 
0.100 2600 0.518 0.421 4.98 
(Cont'd} 
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TABLE 5 (Cont'd) 
(d) Morse curves (D = 80 and 40 kJ.mol- 1 , 10 8r 3.5 
e e 
and 4.0 em, w = 500 and 
e 
-1 8 300 em ; 10 RX = 10.90 em, 
VX = -52.66 kJ. mol-l) 
£ 12/kJ.mol 
0. 316 2 
0. 316 2 
0. 316 2 
0.100 
0.100 
0.100 
-1 T/K 
1400 
2000 
2600 
1400 
2000 
2600 
10 9k 
34.7 
31.4 
29.2 
6.42 
5.6 3 
5.07 
H l0
2P(T) lo 13o(T)/cm 
5.59 
32.4 4.47 
30.7 3.75 
s. 43 5.59 
4.97 4.47 
4.57 3.85 
(e) Lennard-Jones curves 
10 8re = 5.0 and 5.2 em; 
-1 VX = -40.92 kJ.mol ) 
-1 (D = 80 and 60 kJ.mol , 
e 
10 8R = 6.108 em, X 
2 
£ 12/kJ.mol 
-1 T/K l0 9k 10 2P (T) 
9.66 
11.9 
13.8 
1.11 
1.43 
1.71 
13 2 10 o(T)/cm H 
1.00 1400 1.52 
1.00 2000 1.6 8 
1.00 2600 1.81 
0.3162 1400 1.75 
0. 316 2 2000 0.202 
0. 316 2 2600 0.224 
(f) Lennard-Jones curves (D 
e 
0.870 
0.652 
0.533 
0.870 
0.652 
0.533 
-1 
= 120 and 100 kJ.mol , 
10 8re = 5.0 and 5.1 em; 10 8 RX = 6.349 em, 
VX -50.44 kJ.mo 1 ) 
-1 T/K 10 11k 10 2P (T) 10 13 a (T) /cm2 E12/kJ.mol H 
1.00 1400 1.36 6.67 1.13 
1.00 2000 1.59 8.77 0.839 
1.00 2600 1.83 10.9 0.6 80 
0.3162 1400 0.150 0.073 1.13 
0. 316 2 2000 0.19 0.10 0.839 
0.3162 2600 0.23 0.137 0.680 
(Cont' d) 
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TABLE 5 (Cant' d) 
(g) (D 40 and 25 -1 Lennard-Janes curves = kJ.mol , e 
108 = 2.1 and 2.3 em, 10 8 R = 2.411 em, X 
-27.36 -1 v = kJ.mol .) X 
-1 T/K 10 9k 10 2P (T) lo 15cr(T)/cm £ 12/kJ.mol H 
1.00 1400 0 .123 9.67 
1.00 2000 0.111 6.89 7.40 
1.00 2600 0 .101 6.67 6 .16 
0. 3162 1400 0.0133 0.758 9.67 
0.3162 2000 0. 0119 0.740 7.40 
0. 3162 2600 0.0108 0.711 6 .16 
Variation of kH with temperature for calculated values 
given above: 
e 12/kJ.mol 
-1 
0.3162 
0.100 
-1 
£ 2/kJ.mol 
1.00 
0. 316 2 
Morse curves; 
(a) (b) (c) (d) 
T-0.48 T-0.44 T-o. 41 T-0.28 
T-0.49 T-0.44 T-0.40 T-0.38 
Lennard-Janes curves; 
(e) (f) 
2 
These results indicate that with suitable choice of Morse 
curves, the sign of the temperature coefficient can be 
reproduced. Deep potential wells show a larger negative 
value for the temperature coefficient and shallow 
potential wells show a smaller value. The calculations 
using Lennard-Janes 6-12 potentials show mostly positive 
temperature variations for kH and do not predict the 
experimental results. 
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TABLE 6 
Values of kH obtained from model calculations using 
modified Morse curves as shown in Fig. 25. 
Table lettering is the same as that used in Fig. 25. 
(a) Original Morse curve from Table 5(b) • 
Modified curve shown as curve E in Fig. 25. 
-1 T/K lo 9k 10 2P (T) 10 13a (T) /em e: 12/kJ.mol H 
0.3162 1400 6.14 5.75 5.90 
0. 316 2 2000 5.24 5.57 4.34 
0. 316 2 2600 4.62 5.38 3.48 
0.100 1400 0.646 0.604 5.90 
0 .100 2000 0.549 0.585 4.34 
0.100 2600 0.484 0.563 3.48 
(b) Original Morse curves from Table 5 (a). 
Modified curve shown as curve G in Fig. 25. 
-1 T/K l09k 10 2P (T) lo 13a(T)/cm e: 12/kJ.mol H 
0. 316 2 1400 1.61 2.07 4. 30 
0. 316 2 2000 1. 38 2.04 3.13 
0. 3162 2600 1.23 2.00 2.48 
0.100 1400 1.6 5 2.11 4. 30 
0.100 2000 1.41 2.08 3.13 
0.100 26 00 1.25 2.04 2.49 
Variation of kH with temperature for calculated values 
given above: 
e: 12/kJ.mol 
-1 0. 316 2 0 .100 
Table 5 (b) T-o. 44 T-o. 44 
Table 6 (a) T-0.46 T-0.47 
Table 5 (a) T-o. 48 T-o .49 
Table 6 (b) T-0.43 T-0.45 
2 
2 
The signs and the magnitudes of the calculated temperature 
coefficients do not vary significantly when the original 
Morse curves are modified in the region of crossing. 
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TABLE 7 
Values of kM obtained from model calculations (Relative 
molec.ular mass of M = 18, Lennard-Jones, 6 - 12 
potentials used throughout) 
(a) ( ) -l 10 8r De= 16 upper curve and 10 kJ.mol , e = 3.5 
and 3.7 10 8R -1 em; X= 3.79 em; VX = -13.73 kJ,mol , F 1 
and F 2 both positive. 
-1 
1o11k 10 14a (T) /em 2 ~:: 12/kJ.mol T/K 10 2P (T) M 
0. 316 1400 28.3 14.9 1.421 
0. 316 2000 25.4 13.9 1.140 
0. 316 2600 23.5 13.1 0.986 
0.100 1400 3.30 1.70 1.421 
0.100 2000 2.88 1. 58 1.140 
0.100 2600 2. 6 6 1.48 0.986 
(b) -1 8 De= 4.0 kJ.mol , both curves, 10 re = 3.5 and 
3.6 8 -1 em; 10 RX = 3.10 em, VX = +0.703 kJvmol , F 1 
and F2 both negative. 
-1 T/K lo 11k 10 2P (T) lo 14o(T)/cm2 ~:: 12/kJ.mol M 
1.00 1400 5.62 15.3 0.274 
1.00 2000 6.32 14.0 0.282 
1.00 2600 7.21 13.8 0.286 
0. 316 1400 0.571 1.55 0.274 
0. 316 2000 0.6 59 1.46 0.282 
0. 316 2600 0.774 1.49 0.286 
(c) -1 8 De= 4.0 kJ.mol , both curves, 10 re = 3.5 and 
3.7 8 -1 em; 10 RX = 3.27 em, VX = -2.93 kJ.mol , F1 
and F 2 both negative. 
-1 T/K lo 11k 10 2P (T) lo 14o(T)/cm ~:: 12/kJ.mol M 
1.00 1400 14.4 22.0 0.489 
1.00 2000 16.3 23.9 0.445 
1.00 2600 17.9 23.3 0.420 
0.316 1400 1. 79 2.74 0.489 
0.316 2000 2.08 2.92 0.445 
0. 316 2600 2.31 3.02 0.420 
2 
(Cont'd) 
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TABLE (Cont 'd) 
(d) = 8.0 and 6.0 -1 10 8r = 5.5 and D kJ.mol , 
e e 
5.7 10 8 R 5.21 v = -6.78 -1 em; = em, kJ .. mol , X X 
Fl and F 2 both negative. 
-1 T/K 1011k 10 2P(T) 10 14 cr (T)/cm 2 £ 12/kJ.mol M 
0. 316 1400 17.0 7.23 1.76 
0. 316 2000 18.5 7.73 1.50 
0. 316 2600 19.8 8.02 1.35 
0.100 1400 1.84 0.781 1. 76 
0.100 2000 2.01 0.841 1.50 
0.100 2600 2.16 0.815 1.35 
Variation of kM with temperature for calculated values 
given above: 
(a) (b) (c) (d) 
0. 316 
0.100 
Provided the potential curves are chosen to cross where 
F1 and F 2 are both negative, the signs of the temperature 
coefficients are predicted. It can be seen that shallow 
potential wells produce larger temperature variations 
and deeper wells produce smaller variations. 
D 
TABLE 8 
Effect of bypassing tunnelling and turning-point 
subroutines on the results of model calculations 
of kH. 
l o8r = e 
-1 (Morse curves, D = 120 and 80 kJ.mol , 
e 
-1 5.0 and 6.0 em, w = BOO and 500 em 
e 
l0 8R X = 13.3 em, VX- -56.9 kJ.mol-l) 
(a) = all subroutines included; 
(b) = no tunnelling through rotational barrier; 
(c) = no tunnelling from below vx; 
(d) = effect of turning points disregarded. 
(a) (b) (c) 
-1 T/K l0 9k l0 9k l0 9k E12/kJ .. mol H H H 
0.3162 1400 7.6 33 7.498 7.617 
0.3162 2000 6.599 6. 519 6.582 
0.3162 2600 5.873 5.820 5.856 
0 .1000 1400 0. 8189 0.8041 0.8179 
0 .1000 2000 0.7056 0.6969 0.7045 
0 .10 00 2600 0.6262 0.6205 0.6251 
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(d) 
l0 9k H 
8.057 
7.134 
6.472 
0. 9 36 3 
0.8385 
0.7738 
94 
CHAPTER VII 
CONCLUSION 
The aim of the work described in this thesis was to 
develop the technique of laser fluorescence as a method of 
investigating reaction kinetics in combustion systems. It 
was hoped that by introducing trace additives to well 
characterised flames the rates of their reactions with 
minority flame species (free radicals) could be measured. 
Initial investigations were concerned with the 
detection of the free radicals methylidyne (CH) and 
imidogen (NH) using laser excited fluorescence, but no 
results were obtained which would have encouraged further 
studies. In the case of CH, laser fluorescence was 
observed only in very hot oxy-acetylene flames and was 
limited to the very thin reaction zone. Attempts to extend 
this observation to premixed H2/N2;o2 flames were not 
successful due to very low concentrations of CH, implying 
the presence of very fast reactions which remove it. 
Detection of NH by laser fluorescence in premixed H2/N2/o 2 
flames was also unsuccessful, although it was quite easily 
seen in emission. The most plausible explanation for this 
is the poor matching of the NH absorption peak at 336.1 nm 
and the nitrogen laser emission at 337.1 nm. The use of 
frequency doubling from a dye laser at 672 nm, or a short-
wavelength dye pumped by an excimer laser would allow 
excitation directly into the (0,0) band at 336.1 nm and 
possible kinetic studies. 
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Laser studies of metal atoms in flames were mainly 
confined to thallium and lead, although some significant 
measurements were made with copper and sodium. The fluor-
escence studies of thallium showed that excitation into the 
6s 3P~ state occurs primarily as a result of thermal 
excitation, and that cherniexcitation effects are absent. 
The fluorescence studies of lead showed that the 
process 4.16 
4.16 
was effective in competing with process 4.17 
4.17 
where M is one of the bulk constituents of the flame such 
as H2o, N2 or H2 . The rates of the reactions were deter-
mined by observing the relative populations of the 7s 3P1° 
3 0 
and 7s P0 states from fluorescence measurements. 
-9 3 Experimental values of kH and kM are typically 10 ern . 
-1 -1 -11 3 -1 -1 
molecule .s and 10 ern .molecule .s respectively, 
with kH showing a negative temperature dependence, varying 
as T- 1 · 7 , and kM showing a positive temperature dependence, 
. 1.8 
vary1ng as T The discrepancy between the results 
obtained by excitation at 368.3 nrn and 405.8 nrn is most 
likely due to a change in scattered laser intensity at 
368.3 nrn. When lead atoms are added to the flame a portion 
of the laser light which would normally have been scattered 
is absorbed. This is not taken into account in the 
fluorescence measurements, and results in a slightly high 
--
1 364.0 value of r' and hence kH. 1 368.3 
Model calculations based on the Landau-Zener theory \ 
of curve crossing collisions enabled rate constants and the 
96 
signs of the temperature dependencies for the spin orbit 
3 0 3 0 
relaxation between Pb(7s P1 ) and Pb(7s P0 ) to be 
predicted. The magnitudes of the temperature coefficients 
were not well reproduced by the application of the Landau-
Zener theory. For kH, model calculations predicted a 
temperature variation corresponding to approximately 
-0 5 T · compared to the . t 1 1 f -l.? h exper1men a va ue o T , w ereas 
for kM, the predicted value was 
experimental value was T1 · 7 . 
' 1 T0 · 4 d th approx1mate y an e 
The failure of the Landau-Zener model to correctly 
predict the temperature dependencies i~ most likely due to 
the lack of information available on the potential curves 
corresponding to the transient molecules formed during the 
collisions. It would be of considerable value to establish 
the vibrational frequencies and dissociation energy of 
excited PbH; this work is being initiated in the laboratory 
at present. 
Precise determinations of the quenching rates of 
Pb(7s 3P0°), which are unavailable at the present, are 
needed since the assumption that they are identical to those 
3 0 
of Pb(7s P 1 ) may account for part of the discrepancy 
between the two sets of rate constants obtained by excitat-
ion at 368.3 nm and 405.8 nm. 
Experiments with collision partners other than 
hydrogen atoms may show spin-orbit relaxation effects 
similar to those observed in this work. The introduction of 
rare gases or halogens to flames may result in suitable 
interactions. Some work on halogens has been initiated but 
complications due to flame structure modification appear to 
give ambiguous results. In future work, better signal to 
noise ratios may be obtained by using lead halide dissociat-
ion lasers. 
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APPENDIX 1 
Low noise F.E.T. amplifier used for preintegration. 
+15 v 
Rl = 27kQ 
R2 = 270Q preset to give lOV at X. 
R3 = 2.7kQ 
R4 = 1.5kQ 
Tl = 2N4222A 
T2 = 2N4220A 
T3 = 2N5227 
For a voltage gain of 85 c1 = 30~F. 
For a voltage gain of 5, c1 was omitted. 
With R1 = 27kQ the amplifier had an observed 
time constant of 3 to 5~s. 
98 
APPENDIX II 
Data used in the calculation of ~H0 (0), in equation 
4.13, taken from JANAF thermochemical tables53 . Bond angles 
are given as L(XYZ), bond lengths as R (XY) and vibration 
frequencies as w 
H ~H~(O) 216.028 -1 = kJ.mol 
OH ~H~(O) 38.798 -1 = kJ.mol 
R(OH) = 9.706 nm 
w = 3570 -1 em 
H20 ~H~(O) -1 = 238.92 kJ.mol 
R(OH) = 9.584 nm 
L(HOH) = 104.45° 
w(OH) = 3657 em -1 
w(HOH)l = 1594.6 cm-l 
w(HOH) 2 = 3765 cm-1 
LiOH ~H~(O) 58.7 kJ.mol 1 = 
R (LiO) = 15.82 nm 
R(OH) = 9.7 nm 
L (LiOH) = 180° 
w(LiO) 630 -1 = em 
w(OH) ·-1 = 3661 em 
w(LiOH) = 362 em -1 
Li ~H~(O) -1 = 159.13 kJ.mol 
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APPENDIX III (a) 
625?. ft5 
Excitation at 405.8 nm from 3P2 state with 0.5mm 
focal diameter. Saturation occurs when the ratio 
PB(3Pl):PB 6P(3P) reaches 3:5i maximum achieved 
is 1:60. 
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APPENDIX III (b) 
. 4 
.8 
1.2 
i.6 
5.2 
7.6 
Excitation at 405.8 nm from 3P2 state with O.lmm 
focal diameter. Saturation occurs when the ratio 
PB(3Pl} : PB 6P(3P} reaches 3:5; maximum achieved 
is 1:4.5. 
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APPENDIX III (c) 
PE~~ I~TEf0IT1E5: 
Excitation at 368.3 nm from state, with O.Smm 
focal diameter. Saturation occurs when the ratio 
Pb ( 3PO) 
is 1:100. 
Pb 6P(3P) reaches 1:3; maximum achieved 
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APPENDIX III (d) 
f4~:: = 2. li?i6E+i7 
1~~ = 9. 
3 Excitation at 368.3 nm from P1 state, with 0.1 mm 
focal diameter. Saturation occurs when the ratio 
PB(3PO) : Pb 6P(3P) reaches 1:3; maximum achieved 
is 1:6. 
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APPENDIX III (e) 
3 Excitation at 405.8 nrn from P2 state, with O.lmm 
focal diameter and high laser power. Saturation 
occurs when the ratio PB(3Pl) : PB 6P (3P) reaches 
3:5; maximum achieved is 1:3. 
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